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Heterostyly is a stylar polymorphism whose 
functional significance have been traditionally 
related with the increase of cross-pollination and 
the reduction of pollen wastage. Several features 
typify heterostylous plants besides the reciprocal 
position of sexual organs between morphs such 
as: the presence of a floral tube restricting the 
access of some pollinators to the floral reward, 
the existence of a heteromorphic incompatibility 
system allowing fertilizations only between 
morphs, or the differentiation in another set of 
features related with pollen and stigmatic papillae 
(ancillary characters). All these characteristics 
influence the demographic dynamic of 
populations and they are totally or at least 
partially inter-connected from a functional, 
evolutionary and genetic point of view. 
However, the growing interest in this study area 
and the description of new systems in the last 
decade have showed many exceptions in the 
traditional definition which help to interpret 
more clearly this polymorphism. The genus 
Melochia (Malvaceae) is a heterostylous genus, 
whose plants show open corollas and it’s 
distributed in tropical and subtropical regions 
around the world. The main aim of this 
dissertation is to characterize the heterostylous 
syndrome in six species of genus Melochia, and 
the pollen flow mediated by their pollinators.  To 
characterize the heterostylous syndrome the 
floral morphology was studied in 46 populations 
of six species (M. nodiflora, M. pyramidata, M. 
savannarum, M. tomentosa, M. villosa and M. 
parvifolia), and some ancillary characters are 
described also (i.e. corolla length, pollen 
production, pollen size, pollen and stigmatic 
papillae morphology). The characterization of 
breeding systems was made through                    
La heterostilia es un polimorfismo estilar cuya 
significación funcional ha sido tradicionalmente 
asociada a un incremento de la polinización cruzada 
entre plantas y la reducción de la pérdida de polen. 
Varias características tipifican a las plantas heterostilas 
además de la posición recíproca de los órganos sexuales 
entre los morfos como son: la presencia de un tubo floral 
que restringe el acceso de algunos polinizadores a las 
recompensas de la flor, la existencia de un sistema de 
incompatibilidad heteromórfico que permite las 
fecundaciones sólo entre morfos, o la diferenciación 
entre morfos en otra serie de características relacionadas 
con el polen y las papilas estigmáticas (caracteres 
ancilares). Todas estas características influyen sobre la 
dinámica demográfica de las poblaciones y están total o 
al menos parcialmente interconectadas desde un punto 
de vista funcional, evolutivo y genético. Sin embargo, 
el creciente interés en esta área de estudio y la 
descripción de nuevos sistemas en las últimas décadas 
han evidenciado numerosas excepciones a la definición 
tradicional que ayudan a interpretar con mayor 
claridad este polimorfismo. El género Melochia 
(Malvaceae) es un género heterostilo, cuyas plantas 
presentan corolas abiertas, y está distribuido en las 
regiones tropicales y subtropicales del mundo. El 
principal objetivo de esta tesis es caracterizar los 
distintos aspectos del síndrome heterostilo en seis 
especies del género Melochia y el flujo de polen 
mediado por sus polinizadores. Para la caracterización 
del síndrome heterostilo se estudia la morfología floral 
en 46 poblaciones de seis especies (M. nodiflora, M. 
pyramidata, M. savannarum, M. tomentosa, M. 
villosa y M. parvifolia) y se describen también 
algunos caracteres ancilares que presentan (longitud de 
la corola, producción polínica, tamaño del polen, y 
morfología del grano de polen y de las papilas 
estigmáticas). La caracterización de los sistemas de 
incompatibilidad se realiza a través de experimentos 
Resumen 
hand-pollination experiments, including 
supplementation as a method to assess pollen 
limitation in the populations. Besides, the 
composition of pollinator assemblages is 
described in populations of different species and 
it’s evaluated the effect of different pollinator 
assemblages on pollen flow between plants. 
Finally, we determine the spatial segregation 
level between floral morphs in some species with 
an active incompatibility system, as well as the 
influence of the spatial pattern in the 
reproductive success. Among the studied species, 
M. nodiflora is monomorphic and shows approach 
herkogamy (the stigma located above the 
anthers), while the rest of the species are 
distylous. In all the distylous species we found 
dimorphism in several ancillary characters: pollen 
production is higher in S-morph (short), where 
the pollen grains are also bigger and with a 
verrucose exine (while L-morph (large) have 
reticulated pollen grains and larger stigmatic 
papillae). Pollen ornamentation of M. nodiflora is 
similar to those of L-morph in distylous species, 
we discussed this in an evolutionary context since 
it could be a state previous to distyly or a derived 
one after its breakdown in the genus. Unlike the 
rest, this species and M. pyramidata are self- and 
morph-compatible that could facilitate 
colonization in environments where pollinators 
could be scarce or unpredictable. The generalist 
pollination systems found for the species 
surveyed seems to be favored by their open-
corollas, since several kinds of pollinators can 
access to nectaries from any direction. Thus, 
changes in abundance and richness of pollinators 
do not produce significant changes in pollen 
deposition patterns, so different pollinators have 
a similar effect on the reproduction success of 
these plants. Nevertheless, this reproductive 
success, in species with an active incompatibility 
system, is affected by the distance of individuals 
to potential mates when there is not spatial 
affinity between morphs, defined as the 
predominance of different morphs together. This 
seems to depend on foraging behavior and flight 
distances of the main pollinators like in M. 
tomentosa, whose populations lack of a significant 
spatial affinity between morphs, and where Apis 
mellifera - with short flight distances- is the more 
frequent pollinator. However, in addition to the        
de polinización manual, incluyendo la suplementación 
como método de evaluación de la limitación polínica en 
las poblaciones. Además, se describe la composición del 
espectro de polinizadores en poblaciones de distintas 
especies y se evalúa el efecto de diferentes grupos de 
polinizadores sobre el flujo de polen entre plantas. 
Finalmente, se determina el nivel de segregación 
espacial de los morfos florales en varias especies con 
sistema de incompatibilidad activo, así como la 
influencia del patrón espacial en su éxito reproductivo. 
Entre las especies estudiadas, M. nodiflora es descrita 
como monomórfica, mostrando hercogamia de 
aproximación (el estigma situado por encima de las 
anteras), mientras el resto de especies se definen como 
distilas. En todas las especies distilas se encuentra 
dimorfismo en varios caracteres ancilares: la producción 
de polen es mayor en el morfo S (corto), donde los 
granos de polen además son de mayor tamaño y 
presentan la exina verrugosa (mientras que en el morfo 
L (largo) el polen es reticulado y sus papilas 
estigmáticas, mayores). La ornamentación del polen de 
M. nodiflora es muy similar a la del morfo L de las 
especies distilas, lo que se discute en un contexto 
evolutivo ya que puede ser un estado anterior a la 
distilia o bien derivado tras su ruptura en el género. A 
diferencia del resto, esta especie y M. pyramidata son 
auto- y morfo-compatibles lo cual podría facilitar su 
colonización en ambientes donde los polinizadores son 
escasos o impredecibles. Los sistemas de polinización 
generalista encontrados para las especies estudiadas 
parecen estar favorecidos por sus corolas abiertas, ya 
que varios tipos de polinizadores pueden acceder a los 
nectarios desde cualquier dirección. De esta forma, 
variaciones en abundancia y riqueza de los 
polinizadores en las poblaciones no producen cambios 
significativos en los patrones de deposición de polen por 
lo que diferentes polinizadores tienen un efecto similar 
en el éxito reproductivo de estas plantas. No obstante, 
este éxito reproductivo, en las especies con sistema de 
incompatibilidad activo, se ve afectado por la distancia 
de los individuos a sus parejas potenciales cuando no 
existe afinidad espacial entre morfos, entendida ésta 
como predominio de morfos distintos juntos. Esto parece 
depender de la conducta de forrajeo y las distancias de 
vuelo de los principales polinizadores como en M. 
tomentosa, en cuyas poblaciones la afinidad espacial 
entre morfos no es significativa, y donde Apis 
mellifera -con cortas distancias de vuelo - es el 
polinizador más frecuente. No obstante, además del 
patrón espacial, la limitación de recursos podría estar 
  
 
spatial pattern, the resource limitation could be            
influencing also the reproductive output of some 
species like M. savannarum and M. villosa. The 
results of this dissertation confirm the 
importance of studying ‘atypical’ systems in the 
stylar polymorphisms area to improve the 
understanding of heterostylous syndrome and 
raising further questions for those plant groups 









































influyendo también en el éxito reproductivo de algunas 
especies como M. savannarum y M. villosa. Los 
resultados de esta tesis confirman la importancia del 
estudio de sistemas “atípicos” en el área de los 
polimorfismos estilares para mejorar la comprensión del 
síndrome heterostilo y originan nuevas preguntas para 
aquellos grupos de plantas con características distintas 
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“After	  climbing	  a	  great	  hill,	  one	  only	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  that	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  are	  many	  more	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―	  Nelson	  Mandela	  
	  
	  
“Alone	  we	  can	  do	  so	  little;	  together	  we	  can	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  so	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El estudio de polimorfismos florales. Heterostilia: definición, 
significación funcional y la caracterización del síndrome heterostilo 
 
Desde que Carlos Linneo propuso su sistema de clasificación de las plantas basado 
en caracteres florales en el siglo XVIII han sido muchos los estudios que, de una forma 
u otra, han analizado las variaciones en la morfología floral. El estudio de la morfología 
floral ha ofrecido innumerables posibilidades no solo para analizar y clasificar la 
diversidad en el reino vegetal sino también para estudiar y comprender los mecanismos 
y procesos que han conducido a la existencia de tal diversidad; por ejemplo, se ha 
estudiado como la existencia de polimorfismos florales está estrechamente relacionada 
con la evolución de los sistemas de polinización. Para las plantas que dependen de 
polinizadores, tales polimorfismos florales pueden afectar la atracción de estos, o 
determinar cómo ocurre el apareamiento dentro de la población (Stanton 1987; Jones 
y Reithel 2001; Malerba y Nattero 2012). 
Algunos de los polimorfismos florales se manifiestan en los verticilos especializados 
en la producción de gametos, i.e., estilos y estambres. Dentro de estos se encuentran 
los polimorfismos estilares, tales como: la enantiostilia (Barrett et al. 2000; Almeida et 
al. 2013); flexistilia (Li et al. 2001); la inversostilia (Pauw 2005); la reciprocidad 
tridimensional (Armbruster et al. 2006; Turketti et al. 2012); el dimorfismo estilar 
(Barrett et al. 2000); el dimorfismo estilar relajado (Ferrero et al. 2009, 2011a) y la 
heterostilia (Barrett 1992). La heterostilia es un polimorfismo genético en el cual 
dentro de una misma población se encuentran dos (distilia) o tres (tristilia) morfos 
florales que difieren recíprocamente en la altura de estilos y estambres (Barrett 1992, 
Barrett 2002). 
El significado funcional de este polimorfismo estilar fue explicado por Darwin en su 
obra The different forms of flowers on plants of the same species (Darwin 1877). Darwin 
consideraba que la heterostilia evolucionaba para promover la polinización cruzada y 
2    Chapter 1 
 
evitar la pérdida de polen. Más tarde, Charlesworth y Charlesworth (1979) 
argumentarían que la heterostilia surge posiblemente a partir de poblaciones con 
depresión por endogamia, lo cual reflejan en su modelo de evolución de la heterostilia. 
Los planteamientos de Darwin son retomados por Lloyd y Webb (1992a, b) quienes 
plantean un nuevo modelo evolutivo con un enfoque más ecológico. En él, se describe 
cómo los polinizadores actúan como fuerzas selectivas en la evolución de la heterostilia 
promoviendo las polinizaciones legítimas entre los distintos morfos de una población. 
Ambos modelos difieren, como ya se ha mencionado, en las presiones selectivas que 
dirigen la evolución hacia la heterostilia pero además, en cuál es el punto de partida en 
la ruta evolutiva, la sucesión de estados intermedios y la presencia de un sistema de 
incompatibilidad durante la evolución de la hercogamia recíproca (ver Barrett y Shore 
2008). En el modelo de Lloyd y Webb (1992a) el individuo original es un hercógamo 
de aproximación (con estigmas espacialmente ubicados por encima de las anteras) 
mientras que en el modelo de Charlesworth y Charlesworth (1979) se trata de plantas 
homostilas. Ambos modelos asumen como estado intermedio al dimorfismo estilar, 
pero Charlesworth y Charlesworth (1979) plantean el origen de un sistema de 
incompatibilidad como prerrequisito para la subsecuente evolución de la hercogamia 
recíproca, mientras que en el modelo de Lloyd y Webb (1992a, b) este sistema de 
incompatibilidad puede estar presente o no. Aunque se han planteado otros modelos 
evolutivos (Darwin 1877; Vuilleumier 1967; Ganders 1979; Richards 1998; Sakai y 
Toquenaga 2004) son estos dos modelos los que cuentan con más apoyo en la literatura 
(Baker 1966; Graham y Barrett 2004; Armbruster et al. 2006; Pérez-Barrales et al. 
2006; Ferrero et al. 2009, 2012a). 
El estudio de la heterostilia precisa de la previa identificación de las especies que 
presentan esta condición. La identificación de los morfos florales se realiza fácilmente 
en el campo (Barrett 1992), y aunque la condición suficiente para atestiguar su 
presencia es la hercogamia recíproca otros caracteres también se han asociado a la 
existencia del síndrome heterostilo (Ganders 1979; Dulberger 1992; Lloyd y Webb 
(1992a). Dentro de estas características, las especies heterostilas suelen presentar a 
menudo un sistema de incompatibilidad heteromórfico y un conjunto de caracteres 
ancilares. En estos últimos se encuentran las diferencias en los estigmas y granos de 
polen entre morfos florales, cuya significación funcional está asociada a la expresión del 
sistema de incompatibilidad y el flujo de polen legítimo (Ganders 1979; Dulberger 
1992). Cuando se caracteriza el síndrome heterostilo de distintos grupos es importante 
abordar el nivel poblacional (Pérez-Barrales et al. 2007), ya que los ajustes locales en el 
ensamble de polinizadores pueden tener implicaciones sobre el éxito reproductivo de 
las plantas. Las variaciones geográficas dentro de cada especie, relacionadas con la 
riqueza y abundancia de polinizadores, pueden llegar a modificar la expresión de la 








Los sistemas de incompatibilidad en las plantas heterostilas 
 
El sistema de incompatibilidad dialélico que usualmente acompaña a las plantas 
heterostilas es de tipo heteromórfico, lo cual implica que evita no sólo la autogamia 
sino también el apareamiento entre plantas del mismo morfo (Barrett 1992). Como se 
ha mencionado anteriormente, en los dos modelos más aceptados de la evolución de la 
heterostilia – el de Charlesworth y Charlesworth (1979) y el de Lloyd y Webb (1992a, 
b)- se plantea la aparición de este sistema de incompatibilidad antes de la aparición de 
la hercogamia recíproca (Charlesworth y Charlesworth 1979) o independiente de esta 
(Lloyd y Webb 1992a, b). Existen en la literatura algunos casos descritos de plantas 
heterostilas que no presentan el sistema de incompatibilidad dialélico (ver la revisión 
de Barrett y Cruzan 1994). Además, en algunas ocasiones a pesar de estar presente, es 
flexible al apareamiento entre plantas del mismo morfo (ej. Pulmonaria officinalis, Brys 
et al. 2008). Esta pérdida o flexibilización del sistemas de incompatibilidad en plantas 
heterostilas se ha asociado a especies que adquieren de esta forma una ventaja 
adaptativa pues les permite obtener un seguro reproductivo en ambientes donde la 
disponibilidad de parejas o de polinizadores puede resultar baja o impredecible (Baker 
1955; Colautti et al. 2010). 
La determinación de los sistemas de incompatibilidad es necesaria en la evaluación 
de la evolución de los sistemas reproductivos en las plantas heterostilas. Esto se realiza 
a través de las reconstrucciones filogenéticas, cuyo análisis permite determinar el 
modelo evolutivo que mejor se ajusta al grupo, atendiendo a si el sistema de 
incompatibilidad está asociado a la hercogamia recíproca o si es independiente de esta 
(ver p. ej., Pérez-Barrales et al. 2006; Ferrero et al. 2009). 
 
Papel de los polinizadores en el mantenimiento y ruptura de la 
heterostilia 
 
A partir de la predicción de Darwin respecto a las características del posible 
polinizador de Angraecum sesquipedale (Darwin 1862), mucha evidencia se ha presentado 
con relación a las adaptaciones florales en respuesta a la selección de caracteres por los 
polinizadores. Los polinizadores pueden favorecer la evolución de caracteres florales 
relacionados con la atracción floral (Delph y Lively 1989; van Doorn 1997), la calidad 
de la recompensa floral o su accesibilidad (Dupont et al. 2004; Whittall y Hodges 
2007), o el sistema de incompatibilidad (Martén-Rodríguez et al. 2010). 
En plantas heterostilas, en particular, el papel que juegan los polinizadores en la 
evolución y ruptura de este polimorfismo floral ha sido explicado teóricamente en los 
trabajos de Lloyd y Webb (1992a, b), y de Beach and Bawa (1980), respectivamente. 
En el primer caso la ubicación recíproca de las anteras y estigmas entre los morfos 
florales favorece la transferencia de polen de forma segregada en el cuerpo de los 
polinizadores. Esto mantiene el polimorfismo ya que se seleccionan aquellos individuos 
con mayor reciprocidad en la altura de estambres y estilos, pues de esta forma se 
favorece una transferencia de polen más precisa entre los morfos florales. 
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Por su parte, Beach y Bawa (1980) predicen la pérdida de la heterostilia a partir de 
un cambio en el tipo de polinizadores en una población y la consiguiente pérdida del 
flujo complementario de polen entre morfos para producirse un flujo unidireccional, 
de los estambres de las flores brevistilas a los estigmas de las flores longistilas. El 
cambio ocurre cuando los polinizadores de largas probóscides, que forrajean néctar, 
son sustituidos por otros con estructuras bucales más cortas y que buscan 
principalmente polen como recompensa floral (ver Pérez-Barrales y Arroyo 2010).  
Sin embargo, muchas de las conclusiones antes expuestas se han desarrollado sobre 
la base de sistemas heterostilos caracterizados por corolas tubulares (p. ej. Faivre y 
McDade 2001; Pérez-Barrales et al. 2007; Ferrero et al. 2011b; Keller et al. 2012). No 
obstante, los cambios en los polinizadores podrían tener un débil efecto en las especies 
heterostilas con corolas abiertas, debido a que un amplio espectro de visitantes florales 
puede acceder a la recompensa floral y acometer una eficiente transferencia de polen 
(Björkman 1995; Olesen et al. 2007). 
 
Los patrones de distribución espacial y el éxito reproductivo de 
las plantas heterostilas 
 
El efecto del aislamiento espacial de plantas heterostilas en el éxito reproductivo 
puede ser diferente entre morfos, si estos difieren en la expresión de su sistema de 
incompatibilidad, es decir, uno de los morfos presenta mayor grado de compatibilidad 
que el otro (Brys et al. 2010). Sin embargo, en el caso de las poblaciones de plantas 
con un sistema de incompatibilidad heteromórfico activo, el aislamiento espacial de los 
individuos puede tener efectos negativos en su reproducción (Brys et al. 2007). La 
proporción de polinizaciones legítimas/ilegítimas depende de la proximidad a los 
individuos del morfo opuesto sobre todo cuando los polinizadores describen distancias 
de vuelo cortas durante su forrajeo (Levin 1974; Ishihama et al. 2006; Brys and 
Jacquemyn 2010). En estos casos, la segregación espacial de los morfos puede no ser 
ventajosa (Levin 1974), favoreciéndose la “afinidad” espacial entre los morfos florales, 
entendida ésta como la mayor probabilidad de encontrar una planta del morfo opuesto 
como vecino más próximo. No obstante, el efecto sobre el éxito reproductivo de estas 
plantas dependerá también de la estrategia de forrajeo de los principales polinizadores, 
ya que podrían favorecer, o no, las polinizaciones legítimas (Levin 1974; Herrera 
1987). 
 
El género Melochia como caso de estudio en la evaluación del 
síndrome heterostilo 
 
Desde el punto de vista taxonómico, este género se ha ubicado en la tribu 
Hermannieae, de la familia Sterculiaceae, según el sistema de clasificación de 
Cronquist (1981). Sin embargo, a partir de los estudios filogenéticos basados en 
análisis moleculares, morfológicos, anatómicos, palinológicos y químicos (Judd y 
Manchester 1997; Bayer et al. 1999; Alverson et al. 1999) este género ha sido 




incorporado en la familia Malvaceae. Dentro del género se sigue considerando la 
subdivisión en cinco secciones propuesta por Goldberg (1967): Visenia Schum, 
Mougeotia Griseb., Melochia Goldberg, Pyramis Goldberg y Physodium (C. Presl), basada 
principalmente en características morfológicas del fruto y el tipo de dehiscencia de 
éste. 
Las especies de Melochia son mayormente hierbas, sufrútices o arbustos, aunque se 
describen algunos árboles. Poseen flores pentámeras, actinomorfas, con pétalos libres 
que abarcan una amplia gama de colores: blancos, rosados, amarillos, blanco-amarillos, 
azulosos, púrpuras o púrpura-amarillos (Figura 1.1). Algunas de las especies son 
monomórficas (solo existe en la población plantas con un tipo de flores) y otras 
dimórficas. En las dimórficas las flores de plantas distintas difieren en la altura de su 
gineceo y androceo (Goldberg 1967). 
 
 
Figura 1.1. Muestra de la diversidad de flores de Melochia. Especie monomórfica A) M. nodiflora; Especies 
dimórficas: B) M. pyramidata; C) M. savannarum; D) M. tomentosa; E) M. villosa; F) M. parvifolia. 
 
La heterostilia en Melochia ha sido considerada en revisiones que se han realizado 
sobre este polimorfismo (por ejemplo, Ganders 1979; Lloyd y Webb 1992a). En estas, 
se destacan un conjunto de caracteres que tipifican a las especies heterostilas, 
incluyendo la presencia de un tubo floral. Para Melochia, según Ganders (1979), este 
tubo floral se forma excepcionalmente por la fusión de los filamentos de los estambres 
y no por los pétalos. A pesar de tal distinción en este género, las flores de Melochia no 
pueden ser consideradas como restrictivas al acceso de determinados polinizadores, 
como típicamente se ha descrito para las plantas heterostilas. Por el contrario, la 
existencia de una corola abierta puede significar una diferencia que determine el 
funcionamiento de este polimorfismo estilar (Figura 1.2), debido a la amplia 
accesibilidad para diversos grupos de polinizadores. 
 
A B C 
D E F 
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Figura 1.2. Representación de los dos morfos florales en especies dimórficas de Melochia: A) flor 
brevistila (morfo S); B) flor longistila (morfo L). Ilustración realizada por Arnaldo Toledo a partir de flores 
de M. savannarum. 
 
El género Melochia posee una amplia distribución en las regiones tropical y 
subtropical (Goldberg 1967); sin embargo, son pocos los estudios que realizan la 
evaluación del síndrome heterostilo en este género (Martin 1967; Machado y Sazima 
2008; Ramírez y Navarro 2010). Una buena parte de los estudios realizados en 
especies heterostilas son de zonas templadas, en cambio, aún queda bastante por hacer 
con respecto a los taxa heterostilos de zonas tropicales (ver Barrett y Richards 1990; 
Ferrero et al. 2012b); tal es el caso del género Melochia. 
 
Objetivos y estructura de la tesis 
El estudio del síndrome heterostilo en el género Melochia podría resultar complejo 
atendiendo a la gran cantidad de especies que este posee y la amplia distribución que 
alcanzan muchas de ellas. Es por ello que se toman como casos de estudio, durante el 
desarrollo de esta tesis, seis especies del género presentes en el archipiélago cubano; 
éstas son: Melochia nodiflora, M. pyramidata, M. savannarum, M. tomentosa, M. villosa y M. 
parvifolia. Las especies estudiadas pertenecen a tres de las cinco secciones descritas para 
el género: Melochia, Pyramis y Mougeotia. Estas especies varían en cuanto al tamaño de 
sus flores pero también en su área de distribución. Algunas especies son de distribución 
casi cosmopolita, como M. pyramidata, mientras que otras son endémicas, como M. 
savannarum, exclusiva de las arenas blancas ricas en sílice del extremo occidental del 
archipiélago cubano; el resto de las especies consideradas en el estudio pertenecen al 
Neotrópico. 
El principal objetivo de esta tesis es caracterizar el síndrome heterostilo en seis 
especies del género Melochia, el flujo de polen mediado por sus polinizadores y el 
efecto de la afinidad espacial entre morfos en el éxito reproductivo de especies auto-y 








El Capítulo 2 presenta como principal objetivo caracterizar la morfología floral de 
seis especies del género Melochia, como un paso crítico previo al futuro análisis de la 
evolución de la heterostilia en el grupo. Para la caracterización detallada del tipo de 
polimorfismo se realiza la medición de rasgos florales y el cálculo de la reciprocidad 
entre la altura de los estilos y estigmas de plantas de varias poblaciones por especie. Se 
presenta, además, la descripción de los caracteres ancilares de las especies, algunos de 
los cuales aportan indicios acerca de la historia evolutiva del grupo. 
En el Capítulo 3 se evalúa la presencia de los sistemas de incompatibilidad en las 
especies en estudio. El principal objetivo de este capítulo es caracterizar los sistemas 
reproductivos de seis especies de Melochia presentes en Cuba, evaluando la importancia 
del sistema de incompatibilidad y de características morfológicas en la eficiencia en la 
transferencia de polen [medida como la inversión en la producción de gametos (razón 
polen-ovulo, P/O)]. De esta forma se determina la asociación entre los valores de 
P/O, la hercogamia, el grado de compatibilidad y la reciprocidad antera-estigma entre 
morfos florales. 
El estudio de los polinizadores se presenta en el Capítulo 4. En este capítulo el 
principal objetivo es evaluar el efecto de diferentes grupos de polinizadores en el flujo 
de polen en poblaciones de Melochia. Para ello, se describe la composición del espectro 
de polinizadores, para las ya mencionadas seis especies de Melochia, así como la 
cantidad de polen removido y depositado por estos polinizadores en varias 
poblaciones. La interpretación de los patrones de flujo polínico se realiza a la luz de las 
particularidades de la morfología floral y de los ambientes en los cuales se encuentran 
las poblaciones estudiadas. 
En el Capítulo 5 se plantea como principal objetivo evaluar la influencia de la 
distribución espacial de los morfos florales en el éxito reproductivo de cuatro especies 
de Melochia con sistema de incompatibilidad heteromórfico. En este capítulo se analiza 
el posible efecto de la afinidad espacial entre morfos en la producción de semillas, 
además de su posible relación con la conducta de forrajeo de los principales 
polinizadores y la limitación de recursos en las poblaciones estudiadas. 
Finalmente, en el Capítulo 6 se presenta un análisis integrado de los resultados 
obtenidos en los capítulos anteriores. Se relaciona la expresión morfológica y 
fisiológica del síndrome heterostilo en especies de Melochia con el papel que tienen los 
polinizadores en el flujo de polen, así como el efecto de la distribución espacial de los 







Unravelling the stylar polymorphism in Melochia species 












Heterostyly is a genetic polymorphism in which plant populations are composed of 
two (distyly) or three (tristyly) morphs that differ reciprocally in the heights of stigmas 
and anthers in flowers (Barrett, 1992). Darwin (1877) suggested that reciprocal 
placement of stigmas and stamens (reciprocal herkogamy) is a mechanism that 
promotes disassortative mating. Reciprocal herkogamy favours segregation-based 
pollen transfer on the pollinator’s body, in keeping with the heights of anthers and 
stigmas of each morph. Disassortative mating is also promoted through a 
heteromorphic incompatibility system, which often, but not always, accompanies 
heterostyly (Barrett, 1992). 
Different models have been proposed to describe the evolutionary process towards 
heterostyly (e.g., Charlesworth and Charlesworth, 1979; Lloyd and Webb, 1992a; 
Richards, 1998). In all of them, morphological ancestral conditions are described 
together with intermediate stages leading to the establishment of reciprocal 
herkogamy. Studies aimed at testing the evolution of heterostyly are based on evidence 
from shifts in floral morphology among closely related species. They normally use 
phylogenetic reconstructions that have contributed to the understanding of the changes 
likely to occur in the evolutionary process (e.g. Pérez et al., 2003; Graham and 
Barrett, 2004; Morris, 2007; Ferrero et al., 2009). Thus, a detailed comprehension of 
floral morphology is needed for a better understanding of the nature, origin, and 
evolution of heterostyly (Dulberger, 1992). 
Heterostyly has been described in about 28 families of flowering plants (Barrett and 
Shore, 2008) and it has originated independently on more than 20 separate occasions 
among angiosperm families (Barrett, 1992). Hence, we would expect to find 
differences in the evolutionary process towards heterostyly in the different lineages 
where it has evolved. Nevertheless, the evolution of heterostyly has been tested in 




only a few groups to date (e.g., Kohn et al. 1996; Schoen et al., 1997; Church, 2003; 
Graham and Barrett, 2004; Mast et al., 2004; Truyens et al., 2005; Morris, 2007; 
Ferrero et al., 2011a; 2012a). In all cases, the first step towards elucidating the 
evolution of the reciprocal condition is to characterize the morphological traits linked 
to the expression of the heterostylous syndrome, since they may provide some insight 
into the underlying evolutionary steps. This would include stigma-anther separation or 
herkogamy, reciprocity in stigma and anther height and ancillary characters. 
Evolutionary forces exhibit their full expression at the population level, driving 
microevolutionary transformations in the species (Barrett and Kohn, 1991). 
Therefore, population-level analyses are also critical to gaining a better understanding 
of the meaningful variations in character expression associated with heterostylous 
syndrome.  
The genus Melochia includes heterostylous and non-heterostylous species. M. 
nodiflora has been previously described as a monomorphic and self-compatible species 
(Martin, 1967), while distylous species like M. tomentosa are known to have an 
incompatibility system (Machado and Sazima, 2008). For this reason, it´s an ideal 
study system to analyse changes in morphological traits associated with heterostyly. 
Although this genus is widely distributed in tropical and subtropical regions, and shows 
an outstanding variation in floral morphology, it has not been widely studied (Martin, 
1967; Machado and Sazima, 2008; Ramírez and Navarro, 2010). The previous papers 
focused on several aspects of particular Melochia species, but none of them used a 
population-level approach. In this study we characterize the floral morphology of six 
species of the genus Melochia at the population-level, as a critical step towards testing 
whether this system is suitable for analysing the evolution of heterostyly. In addition to 
the morphological variables (i.e. length of styles, stigma and stamens), we also 
analysed the variation in ancillary characters (i.e., corolla length, pollen production, 
pollen size, pollen and stigmatic papillae morphology). Melochia species may provide 
elements that could shed light on the evolution or breakdown of heterostyly, if the 
expected morphological variation in characters associated with the heterostylous 
syndrome are confirmed. In a phylogenetic context, these variations could allow 
further reconstructions of ancestral states in this group. 
 




We studied six species of the genus Melochia from the Cuban archipelago: M. 
nodiflora Sw., M. pyramidata L., M. savannarum Britt., M. tomentosa L., M. villosa (Mill.) 
Fawc. and Rendle, and M. parvifolia H.B.K. All of the species are distributed 
throughout the country, except M. savannarum, which is endemic to the siliceous 
white-sands in Pinar del Rio and Isla de la Juventud. Another three Melochia species 
(M. manducata C. Wright, M. arenosa Benth. and M. bissei A. Rodr.) have been reported 
in Cuba but their actual presence is doubtful (Rodríguez, 2000). 
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In Cuba, Melochia species are shrubs or subshrubs less than three meters high, 
flowering and fruiting throughout the year. The most widespread species are ruderal, 





We sampled 46 populations of the six Melochia species over the whole archipelago: 
M. nodiflora (6 populations), M. pyramidata (19), M. savannarum (2), M. tomentosa (3), 
M. villosa (3) and M. parvifolia (13) (Fig. 2.1; see Appendix 1). In each population one 
flower per individual was collected, up to 100 flowers when possible. Flowers were 
preserved in 70% ethanol until processed in the laboratory. There, they were 
dissected and photographed under a magnifying glass. Traits on images were measured 
using ImageJ software (Rasband, 1997-2000). Voucher specimens were also collected 




Figure 2.1. Geographic location of the 46 studied populations, belonging to six species of the genus 
Melochia. 
 
We characterized the flower morphology of Melochia species using four variables: 1) 
corolla length, 2) style length, 3) stigma length and 4) stamen length (Fig. 2.2). We 
measured all the styles (5) and stamens (5) in each flower to obtain the average value. 
For each flower we calculated the degree of herkogamy (i.e. stigma-anther separation 
within the flower). 
We classified flowers as L-morph (when stigma height was greater than the anthers) 
and S-morph (when the opposite pattern was found). Next, corolla length and stigma-
anther separation were tested for differences between morphs and populations with 
two-way mixed ANOVAs. We defined morph as a fixed factor and population as 
random. For M. nodiflora, a monomorphic species, we used a one-way ANOVA model 
II to assess differences between populations. Statistical analyses were performed with 
SPSS software (version 19, SPSS, Chicago, USA). 
Two different methods were used to analyse the reciprocity between floral morphs 
in each population. First we calculated the reciprocity of stigma-anther in each whorl: 




i.e. average separation between the stigmas of one morph and the anthers of the 
opposite morph, both at the upper and lower whorl levels (measures are represented 
as R and r respectively in Fig. 2.2; see Faivre and McDade 2001 for similar calculation 
of the index). Then we tested for differences between whorls with a Monte Carlo t-
Student test (9999 randomizations; PAST version 2.14 (Hammer and Harper, 2006). 
Secondly, we calculated the reciprocity index following Sánchez et al. (2008; modified 
in Sánchez et al. (2013)). This index compares the stigma-anther height of all flowers 




Figure 2.2. Variables measured for floral morphometric characterization of Melochia species and 
populations: 1) corolla length, 2) style length, 3) stigma length, and 4) stamens length (to the point of 
insertion of the anther). A) S-morph flower, B) L-morph flower. (R) and (r) refers to the value of 
reciprocity (i.e. separation between stigmas of one morph and anthers of the opposite morph) calculated 





Pollen production and pollen size 
 
Ancillary characters were measured in only one population since they were not 
expected to differ between populations. To evaluate the pollen produced by each 
morph we followed Castro et al. (2008). We selected 7-10 floral buds of each morph 
from different plants in one population per species (a total of 84 floral buds were 
analysed; populations surveyed are shown in Appendix 2). In each bud we selected an 
anther. Under a magnifying glass we carefully dissected the anther on a microscope 
slide, extracting all pollen grains and placing them in a drop of glycerine. The pollen 
grains were then quantified by direct observation under a light microscope. The total 
production of pollen grains was estimated by multiplying the counts by the number of 
anthers (i.e. five) of each flower. Differences in pollen production between morphs 
were tested with a t-Student test. Additionally, we calculated the ratio of pollen grains 
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between morphs (L/S), to examine relative differences in pollen production between 
each one. 
Differences in pollen size between morphs were assessed by measuring the diameter 
of 20 pollen grains in 7-8 individuals per morph for the same populations that were 
used in the pollen counts (a total of 71 individuals, see also Appendix 2). Since 
Melochia pollen grains are spherical, we measured the diameter of each pollen grain. 
Pollen size dimorphism between morphs was determined with a t-Student test. We 
also calculated the ratio between S/L morph diameters. 
 
Pollen and stigmatic papillae morphology 
 
Pollen samples from 10 floral buds (per morph and species) were acetolyced, 
mounted on stubs and coated with gold in a sputtering Emitech K550X. We used the 
samples from the same populations surveyed for pollen production and pollen size. 
Pollen images were taken with a scanning electronic microscope (SEM) FEI Quanta 
200, under vacuum conditions. For each species and morph we characterized the 
shape, exine sculpturing type, and number and type of apertures. 
Stigmatic papillae were dehydrated with a critical point drier (CPD) and the 
uncoated samples were mounted on stubs for SEM observation. Images of stigmatic 
papillae were obtained as described for pollen samples. Flowers were the same as the 
ones used to obtain pollen samples for SEM (a total of 10 flowers from 10 individuals 






Five of the six species of Melochia presented dimorphic populations (see Appendix 
1). All populations of M. nodiflora were monomorphic, with flowers showing approach 
herkogamy (i.e. style length exceeds anther height in all individuals in the 
populations). In the case of M. pyramidata, despite the fact that most of its populations 
presented both S-morph and L-morph plants, in one population only L-morph 
individuals were found (Appendix 1). Additionally, there was a wide variation in the 
style and stamen length of individuals within and between populations. Herkogamy 
was more conspicuous in L-morph flowers in the majority of the populations (Fig. 2.3; 
Appendix 1). Stigma-anther separation differed significantly between morphs and 
between populations, except for populations of M. pyramidata and M. tomentosa (Table 
2.1). Interactions between morph and population were significant when comparing the 
herkogamy in all species, with the exception of M. savannarum and M. villosa. 
Monomorphic M. nodiflora had lower herkogamy than any of the morphs in the rest of 
species (Fig. 3). 
Comparisons of corolla length between populations and morphs showed significant 
differences among populations in the six species of Melochia, but not between morphs 




(Table 2.2). A significant interaction between these factors was found only in M. 
parvifolia. For the monomorphic M. nodiflora significant differences between 
populations were also found (Table 2.2). 
 
 
Figure 2.3. Relation between style (▲) and stamens (○) length in at least two contrasting populations 
for each of the six Melochia species, from Cuba. The numbers in parenthesis identify some of the 
populations represented in the Fig 1 and Appendix 1. 
 
Reciprocity between floral whorls, - calculated by stigma-anther separation 
between stigmas of one morph and the anthers of the opposite - was significantly 
greater at the lower level in populations of M. parvifolia (t = 8.88, P = 0.0001), M. 
villosa (t = 2.24, P = 0.0001), and M. tomentosa (t = -2.64, P = 0.0134) but not for M. 
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savannarum (t = -0.99, P = 0.3295). Conversely, M. pyramidata showed a significantly 
higher reciprocity at the upper organ sex level (t = -2.64, P = 0.0134) (see Appendix 
1). 
 
Table 2.1. Comparisons of stigma-anther separation between morphs and populations in six species of 
Melochia from Cuba. Results correspond to a one-way ANOVA for the monomorphic M. nodiflora and two-
way mixed effects ANOVAs for distylous species. We highlighted in bold significant differences for α = 0.05. 
 
Species Factor df F P 
M. nodiflora Population 5,325 10.86 < 0.001 
M. pyramidata Morph 1,18 116.99 < 0.001 
 Population 18,18 1.61 0.170 
 Morph × Population  18,1115 7.49 < 0.001 
M. savannarum Morph 1,1 126.56 0.006 
 Population 1,1 948.55 0.021 
 Morph × Population  1,107 0.013 0.908 
M. tomentosa Morph 1,2 115.24 0.009 
 Population 2,2 11.67 0.076 
 Morph × Population  2,239 19.31 < 0.001 
M. villosa Morph 1,2 6921.92 < 0.001 
 Population 2,2 35.50 0.027 
 Morph × Population  2,152 0.03 0.976 
M. parvifolia Morph 1,12 86.03 < 0.001 
 Population 12,12 3.70 0.016 
 Morph × Population  12,871 10.87 < 0.001 
 
Values of the reciprocity index showed broad variation within and between species 
(Fig. 4). The higher reciprocity (i.e., the higher reciprocity index value) was found in 
populations of M. parvifolia (0.82-0.92), while some populations of M. villosa and M. 
tomentosa exhibited the lowest values (0.62 and 0.67, respectively). Populations of M. 
pyramidata (0.74-0.96), M. tomentosa (0.67-0.86) and M. villosa (0.62-0.85) were the 
most variable (Fig. 4). 
 
Figure 2.4. Population-level variability of reciprocity between stigma and anthers height in the 
dimorphic populations of Melochia. (●) M. pyramidata; (■) M. savannarum; (▲) M. tomentosa; ( ) M. villosa; 
(◊) M. parvifolia. 
Table 2.2. Comparisons of corolla length between morphs and populations in six species of Melochia 
from Cuba. Results correspond to a one-way ANOVA for the monomorphic M. nodiflora and two-way 
mixed effects ANOVAs for distylous species. We highlighted in bold significant differences for α = 0.05. 





Species Factor(s) df F P 
M. nodiflora Population 5,325 21.19 < 0.001 
M. pyramidata Morph 1,18 0.01 0.940 
 Population 18,18 10.64 < 0.001 
 Population × Morph 18,1115 1.42 0.120 
M. savannarum Morph 1,1 48.44 0.091 
 Population 1,1 1052.31 0.020 
 Morph × Population  1,107 0.07 0.791 
M. tomentosa Morph 1,2 12.35 0.068 
 Population 2,2 71.09 0.014 
 Population × Morph 2,239 1.22 0.296 
M. villosa Morph 1,2 0.298 0.591 
 Population 2,2 1515.79 0.001 
 Population × Morph 2,152 0.02 0.978 
M. parvifolia Morph 1,12 0.15 0.704 
 Population 12,12 171.34 < 0.001 





Pollen production and pollen size 
 
Melochia species produced from 2,115 to 11,520 pollen grains per flower. The 
lowest pollen production rate was found in M. nodiflora, while the highest value was 
observed in M. tomentosa. Pollen production differed significantly between morphs in 
M. tomentosa and M. villosa. L-morph flowers produced more pollen grains than S-
morphs (Appendix 2). The ratio calculated between pollen production of L and S-
morph flowers ranged from 0.96 (M. pyramidata) to 1.65 (M. tomentosa). 
Results for mean pollen size, measured as pollen diameter, ranged from 35 μm to 
48 μm (Appendix 2). The pollen size of Melochia species differed significantly 
between morphs. S-morph pollen was larger than L-morph (S/L ratios between 1.13-
1.21). Values for the diameter length of M. nodiflora pollen grains (monomorphic 
species) matched those of the L-morph of distylous species M. pyramidata and M. 
tomentosa (Appendix 2). 
 
Pollen and stigmatic papillae morphology 
 
Pollen grains of Melochia species are spherical or subspherical and tricolporated. 
There were differences between morphs in pollen exine ornamentation in all species. 
In all dimorphic species, pollen sculpturing of L-morph was reticulate, while S-morph 
was verrucose (Fig. 5). The pollen of the monomorphic species M. nodiflora showed a 
similar exine ornamentation to that of the L-morph of distylous species. 




Figure 2.5. Scanning electron microscope photographs of pollen grains of L- and S-morph flowers of 
the studied Melochia species. Patterns of exine sculpturing are also shown at the righ side of each pollen 
grain (8000 ×). A, B) M. nodiflora; C, D) M. pyramidata; E, F) M. savannarum; G, H) M. tomentosa; I, J) M. 
villosa; K, L) M. parvifolia. 
 
Stigmatic papillaes also differed in morphology between morphs in all species. 
Generally, L-morphs had more elongated stigmatic papillae than S-morphs although 
small differences were found for M. pyramidata. Furthermore, stigmatic papillae of M. 
nodiflora were alike those described for L-morphs (Fig. 6). 






Figure 2.6. Stigmatic papillae of six Melochia species using scanning electron microscope. A) M. nodiflora 
(monomorphic species); B, C) M. savannarum; D, E) M. villosa; F, G) M. parvifolia; H, I) M. pyramidata; J, K) M. 
tomentosa; L) pollen grain on stigmatic papillae in Melochia pyramidata. For each species, stigmatic papillae of 




According to our results, most Melochia species in the Cuban archipelago can be 
described as dimorphic and distylous, presenting two floral morphs (see Figure 2, see 
Appendix 1), with a wide reciprocity variation between populations. The 
monomorphism of M. nodiflora has already been described on other Caribbean islands 
as well as on the mainland (Goldberg, 1967; Martin, 1967; Rondón, 2009; Ramírez 
and Navarro, 2010). This species has the smallest flower size, a feature which, among 
others, has been associated with the shifts from heterostyly to homostyly, similar to 
what occurs in Amsinckia and Eichhornia (Schoen et al., 1997; Barrett and Shore, 2008). 
We confirm that M. pyramidata also presents both dimorphic and monomorphic 
populations in Cuba, like in the other previously studied areas (Martin, 1967; Ramírez 
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and Navarro, 2010). The wide distribution of both types of populations, dimorphic 
and monomorphic, could be result of a self-compatibility sexual system in this species 
(Martin, 1967; Ramírez and Navarro, 2010). M. pyramidata is widely distributed in 
tropical and subtropical areas (Goldberg, 1967). According to Baker’s law, self-
compatibility has been found to facilitate the establishment of sexually reproducing 
populations following long-distance dispersal (Baker, 1955; see also Pannell and 
Barrett, 1998; Costa et al., 2014). In the particular case of heterostylous species, 
compatibility would allow the subsistence and reproduction of individuals of only one 
morph (Faria et al., 2012; Castro et al., 2013). 
The analysis of ancillary characters exhibited significant differences between morphs 
in dimorphic populations. All species showed differences in pollen size as expected 
(i.e. S-morph pollen is larger than L-morph pollen), while pollen production 
significantly differed between morphs only in M. tomentosa and M. villosa. Higher pollen 
production is associated with smaller pollen sizes (e.g. Dulberger, 1992; Chen and 
Zang, 2010). This relationship can be attributed to a trade-off between number and 
size (Vonhof and Harder, 1995; Cruden, 2000) and could be related to the 
compensation of asymmetrical pollen flow between morphs (see Pailler et al., 2002). 
This hypothesis needs corroboration in the field. 
Since corolla length may be an indicator of resource investment to floral display 
(Herrera, 2009) differences in this trait could be considered a measurement of 
pollinator attraction at the population-level. Larger floral displays may increase the 
number of pollinator visits (Thompson, 2001) and improve the reproductive success of 
plants (Karron and Mitchell, 2012). Corollas are significantly larger in S-morph 
flowers of M. savannarum. Female fitness in flowers of the S-morph is usually at a 
disadvantage when compared to the L-morphs because of the underexposure of the 
stigmas in the corolla. In this case, a higher floral display could increase female fitness 
in S-morph flowers by attracting more pollinators to compensate this weakness 
(Dulberger, 1992). 
Other ancillary characters, like the sculpture of pollen exine and stigma, could be 
involved in the physiology of the incompatibility mechanism of heterostylous species 
(Dulberger, 1975; 1992). Pollen grains of L-morph flowers of Melochia species are 
reticulated while S-morph shows a verrucose pollen ornamentation. These differences 
could have a key role in the capture, adhesion (Luu et al., 1997), recognition and 
hydration of pollen (Zinkl and Preuss, 2000), when they interact with stigmatic 
papillae. Future work on the reproductive systems of these species will help to clarify 
this. 
Moreover, it is particularly interesting to note the fact that the pollen of the 
monomorphic M. nodiflora has an ornamentation similar to that of the L-morph in 
dimorphic populations. This could shed light on the putative evolutionary process 
towards heterostyly evolution or breakdown in the genus. Is M. nodiflora an early 
divergent lineage with a non heterostylous condition or is this monomorphism a 
derived state? Other monomorphic Melochia species have the same pollen 
ornamentation, as is the case of M. corchorifolia (Faife-Cabrera et al. unpublished 




results). On the other hand, there is no dimorphism in the pollen sculpturing of 
distylous species from another section of Melochia genus (Physodium section, Dorr and 
Barnett, 1989). Physodium species have reticulated pollen ornamentation, like M. 
nodiflora and L-morph flowers of distylous species. 
On the other hand, M. nodiflora has the lowest herkogamy among all the studied 
species. The following lower value of anther-stigma separation appears in the species 
M. pyramidata, which is also self-compatible (Ramírez and Navarro 2010). These two 
features (low herkogamy and capacity of selfing) could facilitate the independent 
fertilization in cases where there is a scarcity of pollinators or low pollination 
efficiency. Distylous species of Melochia exhibit higher herkogamy in the L-morph 
flowers. Differences in herkogamy between morphs were found between populations, 
as previously reported in other heterostylous plants (see Faivre and McDade, 2001). 
The differences in herkogamy in some Melochia species also reported in previous 
papers (Ramírez and Navarro, 2010) are confirmed here even when comparisons are 
made between populations of the same species. We could not identify any 
geographical patterns in these differences, which may be due to the random spread of 
these species owing to human activity. 
In terms of whorl level, reciprocity appears to be greater at the lower levels. This 
has already been described for other distylous genera such as Lithodora and Glandora 
(Boraginaceae) (Ferrero et al., 2011a). However, in other stylar dimorphic cases like 
the genus Narcissus, opposite results have been found (Baker et al., 2000; Cesaro et al., 
2004). The model proposed by Lloyd and Webb (1992b) for the evolution of 
heterostyly argues that the segregated deposition of pollen from the two morphs on 
different parts of the pollinator’s body would select the most reciprocal phenotypes in 
a population. However, selection may operate on one sexual whorl but not on the 
other if pollinator’s behaviour and efficiency differs at each whorl level. According to 
the descriptions, in species with tubular flowers visited by specialized pollinators, 
selection operates in the same way in both whorls. However, flowers of Melochia are 
open with only a small floral tube on the base so that only the bottom whorl is inside 
the tube. Under these conditions, while the upper whorl is exposed to the visit of any 
ineffective visitor, the lower whorl is available for only more efficient pollinators 
specialized in disassortative pollen transfers (see Chapter 4, this dissertation). The 
higher reciprocity at this level could be a consequence of more accurate pollen transfer 
by pollinators in the lower parts of the flower. 
With regard to this finding, differences in the degree of herkogamy and reciprocity 
have been previously described in other genera as a result of variations in the 
assemblage of pollinators between populations (Ferrero et al., 2011b). In the case of 
Melochia species, they are frequently distributed in perturbed habitats [e.g. road 
borders, crops, grazing areas (Goldberg, 1967)] with a preponderance of generalist 
pollinators (Ramírez and Navarro, 2010). These areas are under changing 
environmental pressures that could determine spatio-temporal variations in the 
assemblage of pollinators (see Herrera, 1988; Guitián et al., 1996; Navarro, 2000) 
which may also determine shifts in pollen transfer efficiency. 
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Analysing whether the wide variation in terms of reciprocity between populations 
and ancillary characters in Melochia species is related to changes in the patterns of 
pollinators and/or shifts in the degree of incompatibility is a challenge. This kind of 
analysis should be conducted in a phylogenetic context, in order to elucidate the 
evolutionary mechanisms of heterostyly. The results of this descriptive study place this 
group of plants as a good system for the study of evolutionary processes involving gain 







Herkogamy and incompatibility rather than reciprocity 











Heterostyly is a floral polymorphism described to promote outcrossing and reduce 
pollen wastage, increasing efficiency in pollination (Darwin, 1877; Barrett, 1992). 
Heterostylous plants present two or three morphs with reciprocal position of sexual 
organs between them. This reciprocal herkogamy is usually accompanied by a 
heteromorphic and diallelic incompatibility system, which precludes from selfing and 
fertilizations among plants of the same morph (Barrett, 1992). However, there are 
several cases where self-incompatibility system is not present in heterostylous species 
for different reasons (e.g., Barrett and Harder, 2005; Pérez-Barrales et al., 2006; 
Consolaro et al., 2011; Faria et al., 2012; Ferrero et al., 2012a). When incompatibility 
is absent, a common trend is that compatibility would be associated to the loss of 
polymorphism as a way of reproductive assurance (e.g. Schoen et al., 1997; Mast et 
al., 2006). This probable independency of reciprocal herkogamy and the self-
incompatibility system has been also evidenced in an evolutionary context in several 
unrelated groups (Ferrero et al., 2012b; Santos-Gally et al., 2013). 
The breeding system can advise about plant dependence on pollinators, therefore 
pollination quality, and may determine the species capability to expand their 
distributions or colonize new habitats (Baker, 1955; Cruden 1977). Whereas 
incompatibility may prevent from the potentially deleterious consequences of 
inbreeding (Rea and Nasrallah, 2008), self-compatibility may be a strategy to ensure 
reproduction when mate availability is low or pollinators are unpredictable or 
inefficient (Baker, 1955; Cruden, 1977). Indeed, persistent pollen limitation (i.e., a 
maintained insufficiency in the supply of legitimate pollen on stigmas under natural 
conditions) because lack or inefficiency of pollinators may favour the evolution of self-
compatibility when selfing offers reproductive assurance (Knight et al., 2005). 
However, boundaries between self-compatibility and incompatibility are not rigorous 
in nature and, frequently, the species defined as incompatible may be capable to 
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produce fruits after selfing to some extent (Lloyd and Schoen, 1992; Castro et al. 
2013; Costa et al. 2014). In order to deal with these ambiguous cases there have been 
proposed quantitative reproductive indices that express the degree of species 
compatibility by contrasting fruit production after selfing and outcrossing (Lloyd and 
Schoen, 1992). 
On the other hand, in heterostylous flowers morphological features like reciprocity 
in the heights of stigmas and anthers between morphs and herkogamy can also 
influence the quality of pollination in a population. Reciprocity defines the level of 
accuracy in pollen transference between plants promoting inter-morph pollination 
(Lloyd and Webb, 1992b), whereas herkogamy (i.e. the spatial separation between 
anthers and stigmas within flowers) determines the extent of sexual interference 
between male and female functions (Webb and Lloyd, 1986).  
Efficiency in pollination has been traditionally related to plant investment in gamete 
production. Cruden (1977) proposed the P/O's could reflect the likelihood of enough 
pollen grains reaching the stigmas to result in the maximum plant reproductive 
success; the more efficient the transfer of pollen in a population, the lower the P/O 
value should be. However, in a complex system such heterostyly, the efficiency of 
pollination should be determined by physiological mechanisms (incompatibility) and 
also by morphological characteristics as those above mentioned. Therefore, if 
Cruden’s prediction was right, in heterostylous systems it could be expected lower 
values of P/O when the efficiency in pollination would be higher as a result of: 1) 
increases in self-compatibility; 2) decreases in herkogamy, since it would facilitate 
autonomous selfing; and 3) increases in reciprocity, because reciprocal position of 
sexual organs results in accurate deposition of legitimate pollen on stigmas though 
pollen segregation along the pollinators’ body. 
Melochia is a cosmopolitan genus of about 60 species from tropical and subtropical 
regions (Dorr and Barnett, 1989), with many species occurring in degraded habitats, 
or defined as early-successional species (Goldberg, 1967). In Cuba, there are currently 
five distylous species and one species, M. nodiflora, which presents monomorphic 
flowers (Chapter 2, this dissertation). Among these species, the degree of 
polymorphism differs substantially (Chapter 2, this dissertation). The aim of this study 
is to characterize the breeding system of the six species of genus Melochia present in 
Cuba, evaluating the importance of the incompatibility system and morphological 
characteristics on the efficiency in pollen transference [measured as investment in 
gamete production (P/O)]. In particular we aim at answering the following questions: 
(i) Do heterostylous Melochia species, differing in type of polymorphism, present a 
heteromorphic incompatibility system? (ii) Do the species and morphs suffer pollen 
limitation to the same extent? (iii) Is there a relationship between the pollen/ovule 
ratio (as a proxy of pollination efficiency), and the reciprocity, the herkogamy and the 
expression of incompatibility? 
  




Materials and methods 
 
 
Time of anthesis and floral longevity 
 
In order to better understand the sexual functioning of individual flowers on each 
species, we first described the time of floral anthesis (i.e., the time of the day in which 
a flower is opened and functional) and determined the longevity (measured as the 
number of days the flowers remain opened). To this end, in each population we 
marked 20-25 well-developed floral buds (from at least 10 plants), avoiding possible 
effects of previous herbivory. Selected flowers were then monitored until senescence. 
 
Hand pollination experiments 
 
We carried out experimental crosses from June 2011 to May 2012 on naturally 
occurring populations of Melochia. For distylous species (Melochia pyramidata L., M. 
tomentosa L., M. parvifolia H.B.K., M. villosa (Mill.) Fawc. and Rendle, M. savannarum 
Britt.), the following hand-pollinations were conducted: 1) legitimate inter-morph 
pollinations: flowers were bagged and pollinated with pollen from plants of the 
opposite morph (L × S - pollen from L-morph on stigmas of the S-morph , S × L - 
pollen from S-morph on stigmas of L-morph); 2) illegitimate intra-morph pollinations: 
flowers were bagged and pollinated with pollen from plants of the same morph (L × L 
and S × S); 3) hand self-pollinations: bagged flowers of each of the two floral morphs 
were pollinated with their own pollen; 4) spontaneous self-pollinations: flowers of 
each of the two floral morphs were bagged and left without manipulation; 5) pollen 
supplementation: flowers were left opened and pollinated with pollen of the opposite 
morph, and 6) control treatment: flowers were exposed to natural pollination. For 
inter and intra-morph pollinations we used a mixture of pollen from flowers of several 
plants recently opened. For the monomorphic species, M. nodiflora, the first two 
treatments were replaced respectively by: 1) xenogamy, by pollinating with pollen 
from other individuals and 2) geitonogamy: using pollen from other flowers of the 
same plant. For treatments 1) and 2) flowers were carefully emasculated before floral 
anthesis, and then each treatment applied. All pollination treatments were conducted 
in single individuals (8-15 plants of each morph per population) (Table 3.1). There 
were, at least, 5-7 m between pollen donors and hand-pollinated flowers to prevent 
mating between close relatives. After 4–5 weeks, fruit and seed production was 
recorded and seed to ovule ratio (S/O) calculated as reproductive response. Results 
from treatments 1-4 were used to determine the type and degree of incompatibility of 
species, while treatments 5-6 were conducted to evaluate pollen limitation. 
Statistical comparisons between treatments were achieved through Generalized 
Estimating Equation (GEE) models using the seed/ovule ratio (S/O) obtained from 
hand pollinations. Independent analysis was carried out for the incompatibility systems 
and for pollen limitation experiments. In both cases we analysed the effect of morph 
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and treatments, as fixed factors, on each species. The S/O ratio was modelled as a 
binomial distribution, with ‘logit’ used as the link function. 
 
Table 3.1. Melochia species, localities and some characteristics of populations surveyed in Cuba. Sample 
sizes (N) used for pollination experiments in each population are given also for long-styled (L) and short 
styled (S) morphs. Mean floral size, by morph, is presented accompanied by graphical representations of life-
size flowers (data from Chapter 2, this dissertation). Values of herkogamy and reciprocity degree are also 
shown. 
 










M. pyramidata Santa Clara, Villa Clara 12 / 12 
7.1 / 7.5 
 
 
2.7 / 0.9 0.85 
M. savannarum Siguanea, Isla de la Juventud 15 / 15 
7.4 / 7.8 
 
 
2.3 / 0.9 0.71 
M. tomentosa Verraco, Santiago de Cuba 14 / 14 
9.4 / 8.3 
 
 
3.2 / 2.3 0.72 
M. villosa Aguada de Pasajeros, Cienfuegos 15 / 15 
10.8 / 11.0 
 
 
3.3 / 1.1 0.85 
M. parvifolia Cumanayagua, Cienfuegos 8 / 10 
12.4 / 12.5 
 
4.3 / 2.9 0.87 
*no calculated for this monomorphic species; **Just one possible value for this monomorphic species; *** 




Several reproductive indices were estimated. For this purpose, we used seed-ovule 
ratio (S/O) values obtained from hand pollination experiments (see above). 
 
Self and morph compatibility indices (SCI, MCI) 
 
Self and morph compatibility quantification was assessed through the self-
compatibility index (SCI) of Lloyd and Schoen (1992) and the morph compatibility 
index (MCI) in Ferrero et al. (2012a). For M. nodiflora, the monomorphic species, a 
geitonogamy compatibility index was calculated (GCI). GCI was an extending form of 
SCI, as a way to assess the relevance of geitonogamy against xenogamy for seed set. 
GCI was calculated as the ratio of S/O values from geitonogamy crosses and 
xenogamy crosses. Lloyd and Schoen (1992) defined a threshold of 0.75 for SCI. Index 




values upper than 0.75 correspond to self-compatible species, while species with 
values between zero and 0.75 are considered self-incompatible. In this study the same 
criteria was applied to MCI and GCI. 
 
Percent of Pollen limitation (PPL) 
 
The extent in which reproductive success is limited by an insufficient supply of 
pollen was measure with the Jules and Rathcke index (Jules and Rathcke, 1999). 
Percent Pollination Limitation (PPL) was calculated as: PPL= [100 (PS- C)]/ PS, 




For each species, we first calculated the reciprocity index following Sánchez et al. 
(2008, modified in 2013). This index is based on comparison of the position of every 
single stigma height in the population with each and every stamen height, calculated 
for each whorl, and has been proved to be useful for quantitative characterization of 
sexual reciprocity between morphs in heterostylous populations. Then, for each 
morph, we calculated the degree of herkogamy as the mean distance between the 
stigma and anther heights in each flower; thus, the herkogamy in the L-morph was 
calculated by subtracting the anther height from the height of the stigma and vice versa 




For each species, we determined the Pollen/Ovule ratio (P/O) per morph 
following Cruden (1977). To do this, for each species we counted the pollen grains in 
one anther per developed bud in 10 individuals of each morph. Each anther was set in 
a glycerine drop on a microscope slide. Pollen grains were counted under a light 
microscope following Castro et al. (2008) (see also Ferrero et al., 2011). We 
estimated pollen production per flower by multiplying the count values by the number 
of anthers per flower (i.e. five anthers in all species). The number of ovules was 
determined in all species using 10 floral buds of each morph per population. For this 





To test whether P/O values were determined by incompatibility and herkogamy, 
we performed a generalized lineal model (GLZ), with herkogamy and SCI (of each 
morph and species) as fixed factors, using a ‘poisson’ distribution with a ‘log’ link 
function. 
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We analysed the reciprocity independently because the reciprocity index gives a 
unique value for each population. For this reason, we considered the mean values of 
P/O in the populations and a similar GLZ (as the previously described) was carried 





Time of anthesis and floral longevity 
 
The six Melochia species have diurnal floral anthesis. Flowers usually open early in 
the morning. M. parvifolia and M. tomentosa open their flowers just after sunset, about 
0600-0630 h. The rest of the species have a floral anthesis that takes place at 0830-
0930 h, when they receive a higher insolation. Sometimes, on cloudy days, floral 
anthesis can be delayed. We also found in a population of M. savannarum, near Cortés 
in Pinar del Río, that flowers open between 1030-1100 h on winter days. 
Floral longevity is of just one day for all the species with flowers showing signals of 
senescence at the end of the afternoon. 
 
Breeding systems and pollen limitation 
 
Results of comparisons among hand pollination treatments are shown in Table 3.2 
(see also Appendix 3). Significant differences among treatments in seed/ovule (S/O) 
were found for all dimorphic species except for M. pyramidata. In all of them S/O 
values from pollinations between morphs were greater than for selfing and intra-
morph crosses (Fig. 3.1). This means that all of them showed some kind of 
heteromorphic incompatibility. No significant differences were either found among 
treatments in M. nodiflora, the monomorphic species (χ2 = 2.763, df = 3, P = 0.43). 
We found significant differences between morphs in two species, M. pyramidata and M. 
villosa (Table 3.2). Both species present higher S/O ratios in S-morph flowers. In the 
case of M. pyramidata this pattern was also found for spontaneous self-pollination 
treatment (Fig. 3.1). 
Comparisons between supplementary pollinations and control treatments were 
significantly different for M. savannarum and M. tomentosa populations revealing pollen 
limitation in those populations (Table 3.2). For M. villosa, no significant differences 
were found between the control and the supplementary pollination; however there 
were differences in S/O ratio between morphs. S/O ratios were, as for the other hand 




Self and morph compatibility indices (SCI, MCI) 
 




Self and morph compatibility indices are shown in Table 3.3. For the SCI we found 
values greater than 0.75 for M. nodiflora and M. pyramidata, which point out them as 
self-compatible species. In M. pyramidata, a greater value than 0.75 was just found for 
S-morph flowers. L-morph flowers of M. pyramidata, nevertheless, showed a higher 
value compared with the rests of species. For M. villosa, we found statistically 
significant differences between morphs (Table 3.2). L-morphs produced no fruits after 
self-pollination, and S-morph flowers produced just a few, and then have a near zero 
SCI value (Table 3.3). 
 
Table 3.2. Results for Generalized Estimation Equations (GEE) analysis of comparisons of S/O ratio 
obtained from pollination treatments. Treatments for test incompatibility systems were analysed separately 
from those for pollen limitation test. None interactions were significant, and then they were excluded from 
the models. For M. nodiflora, the monomorphic species, only the comparison among treatments was carried. 
In M. parvifolia, M. tomentosa and M. villosa, comparisons were not carried because of the zero values of 
some treatments (see Fig. 3.1). We highlighted in bold significant differences for α = 0.05. 
 
 
Breeding system Pollen limitation 
Morph Treatment Morph Treatment 
Species df 
Wald 
χ2 P df 
Wald 
χ2 P df 
Wald 
χ2 P df 
Wald 
χ2 P 
Melochia nodiflora    3 2.763 0.430    1 1.649 0.199 
M. pyramidata 1 5.483 0.019 3 6.050 0.109 1 0.018 0.892 1 0.011 0.917 
M. savannarum 1 0.161 0.688 3 69.185 <0.001 1 3.058 0.080 1 5.784 0.016 
M. tomentosa 1 0.652 0.420    1 0.105 0.746 1 10.022 0.002 
M. villosa 1 7.343 0.007    1 4.088 0.043 1 1.225 0.268 
M. parvifolia 1 0.222 0.637    1 0.328 0.567 1 0.282 0.595 
 
We found a similar pattern for the MCI values. Both, M. nodiflora and M. pyramidata 
presented values of MCI above 0.75, meaning they are morph-compatible species. For 
M. villosa, which showed statistical differences between morphs, few fruits were 
produced after intra-morph pollination of L-morph flowers, but no fruits and seeds 
were produced for S-morphs flowers. 
 
Percent Pollen limitation (PPL) 
 
Values of PPL are summarized also in Table 3.3. We found the highest values (≥ 44 
%), for populations of M. savannarum and M. tomentosa. For M. villosa (the only species 
for which differences were found between morphs), L-morph flowers presented 
greater pollen limitation (higher PPL values) than S-morph flowers (Table 3.3). M. 
nodiflora and M. pyramidata exhibited the lowest values among all the species (- 29.5 % 
and - 33.33 %, respectively). 
 
Characterization of reciprocity, herkogamy and pollen/ovule ratios 
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Values of reciprocity, and herkogamy for all the species studied (and for each 
morph in heterostylous species) are shown in Table 3.1. Reciprocity was lower in M. 
savannarum and M. tomentosa and similar in the rest of distylous species. The lowest 
values of herkogamy were found in the monomorphic M. nodiflora, and the species M. 
pyramidata and M. savannarum. The results of pollen/ovule ratio (P/O) calculation for 




Figure 3.1. Seed-ovule ratio (S/O) ± standard deviation (SD) of hand-pollination treatments in Melochia 
species. Treatments: Inter-morph pollinations (L×S, S×L) - pollen from L-morph on S-morph stigmas, S×L - 
pollen from S-morph on L-morph stigmas; Intra-morph pollinations (L×L, S×S); Hand self-pollination (H S-
P); Spontaneous self-pollination (S S-P); Supplementation (Supplem); Control (natural pollination). When 
differences between morphs were found, treatments were separated in the figure. L-morph (L) and S-
morph (S) are indicated at the end of the treatment nomenclature. Treatments used for monomorphic M. 




We found a significant relationship between P/O and both herkogamy (β = 0.12 ± 
0.01, z = 9.48, P < 0.001) and the incompatibility systems characterized by SCI (β = 
-0.97 ± 0.06, z = -16.94, P < 0.001). As expected lower values of P/O were 
associated with a lower herkogamy and a higher degree of compatibility (i.e. higher 




values of SCI). However, we found a significant relation between P/O and reciprocity 
(β = 1.72 ± 0.27, z = 6.31, P < 0.001) where greater values of P/O were related to 
higher reciprocity. 
 
Table 3.3. Results of self-compatibility index (SCI, Lloyd and Schoen, 1992), morph-compatibility index 
(MCI, Ferrero et al., 2012a), and percent of pollination limitation (PPL, Jules and Rathcke, 1999). Bold 
numbers, for SCI and MCI, represent values upper 0.75 and correspond to self-compatible species. For 
Melochia nodiflora, a monomorphic species, a Geitonogamy-compatibility index (GCI, see materials and 
methods) value is shown instead MCI.  
 
Species 
SCI MCI PPL 
L S L S L S 
Melochia nodiflora 0.87 0.81 -29.55  
M. pyramidata 0.54 0.77 1.13 0.54 -33.33 27.45 
M. savannarum 0.01 0.04 0.17 0.14 44.46 55.57 
M. tomentosa 0.00 0.01 0.00 0.04 76.56 19.05 
M. villosa 0.00 0.01 0.04 0.00 41.18 31.43 




Melochia species in Cuba present a wide variety of breeding systems. Our results reveal 
that not all species present the heteromorphic incompatibility system that is normally 
associated to the reciprocal herkogamy in heterostylous plants. The distylous M. 
pyramidata and the monomorphic M. nodiflora are confirmed to be self-compatible 
species (Martin, 1967; Ramírez and Navarro, 2010) and crosses among individuals of 
the same morph are also successful in the former. These two species, moreover, 
spontaneously produce fruits and seeds (see Fig. 3.1). In Cuba, M. pyramidata and M. 
nodiflora are primary colonizing species, widely distributed (Rodríguez, 2000), and the 
self-compatibility condition may facilitate the colonization process or the establishment 
in degraded environments like roadsides, abandoned crops and pasture fields (see 
Baker, 1955; 1967; Cheptou, 2012). In these areas pollinators may be scarce or 
unpredictable (Baker, 1955; Cruden, 1977; Cheptou, 2012), then self-compatibility 
together with partially spontaneous selfing (see Fig. 3.1 and Appendix 3) could be a 
way to ensure sexual reproduction. Moreover, the ability of spontaneously selfing 
could explain their lowest values of PPL in relation to the other surveyed species. 
When looking to differences between morphs, in the case of M. pyramidata we 
found differences between L-morph and S-morph fecundity (see Fig 3.1) as well as in 
their degree of compatibility (see Table 3.3). S-morph plants exhibit higher fecundity, 
maybe due to their greater self-compatibility (SCI). The same results were found for 
M. villosa, which showed also a lower value of pollen limitation in the S-morph 
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flowers. The differences found in self-compatibility expression in both morphs confirm 
the Lloyd and Schoen (1992) criterion of the quantitative nature of this feature. Also, 
the few fruits produced after self-pollination, just for S-morph in M. villosa, could 
reflect the variability in breeding expression in the population and a kind of flexibility 
in the incompatibility system in these S-morph flowers. Perhaps this could be 
associated to the existence of a lower herkogamy between sexual whorls in this morph 
(see Table 3.1). 
 
Table 3.4. Pollen-ovule ratio (P/O) in populations of six Melochia species. L: long-styled morph; S: short-






M. nodiflora 154.3 ± 42.2 
M. pyramidata 363.1 ± 46.9 359.1 ± 54.4 
M. savannarum 541.4 ± 111.1 497.5 ± 121.9 
M. tomentosa 550.6 ± 98.9 459.3 ± 76.2 
M. villosa 827.2 ± 103.3 622.5 ± 97.7 
M. parvifolia 867.6 ± 108.9 752.4 ± 92.7 
 
On the other hand, M. parvifolia, M. villosa, M. savannarum and M. tomentosa are self-
incompatible species (see Fig. 3.1), M. parvifolia and M. villosa usually inhabit in similar 
environments as M. pyramidata, and they can even coexist, but they present the 
heteromorphic incompatibility system. Having bigger flowers (see Table 3.1), it may 
be that these species invest more in attracting pollinators to ensure reproduction, and 
thereby facilitating their success as colonizers. 
Capacity for self-fertilization has been proposed that reduce pollen limitation in 
self-compatible species (Larson and Barrett, 2000). Thus, the lack of pollen limitation 
in M. nodiflora and M. pyramidata is probably result of their capacity for spontaneous 
selfing. However, we found pollen limitation in the populations of two species: M. 
tomentosa and M. savannarum. The populations of the two species are affected by fires 
periodically (Borhidi 1991). In the case of the M. tomentosa population, a fire event 
happened in the area one year before our study, could have caused a decrease in plant 
population size and pollinator availability, affecting the interaction. 
In the case of M. savannarum, it seems to suffer additionally of resource-limitation. 
Pollen limitation found in this population could be result of environmental disturbs, 
but in this case, even the flowers supplemented did not reach the maximum seed set. 
M. savannarum occupies poor nutrient soils and the plants do not appear to have extra 
resources available for maturation of all ovules (Rathcke, 2000; Yang et al., 2005). 
The results for the analysis of the P/O values revealed a narrow relationship with 
herkogamy, and the species degree of incompatibility in the studied species. As 
expected, more compatible species with lower values of herkogamy present lower 
P/O values. Since compatible species depends less on pollinators and selfing can 




ensure reproductive success, plants do not need to invest many resources in gametes 
production (Cruden, 1977). On the other hand, a small separation between sexual 
organs also favours a lower pollen investment, since it enhances the chances of pollen 
grains to reach stigmas (de Vos et al., 2014). Indeed, the Melochia species with the 
highest herkogamy are the most incompatible (see Table 3.1 and Table 3.3). 
However, we did not find the expected relationship between reciprocity and 
pollination efficiency. Despite more reciprocal systems are likely to result of a higher 
efficiency of pollinators (Lloyd and Webb, 1992a) we could not corroborate our 
predictions of a lower P/O. Instead of reciprocity, the plant’s dependence on pollen 
vectors appears to demand a higher investment in gametes production, as proposed by 
Cruden (1977). 
In the studied Melochia species the efficiency in pollination (P/O) is associated to 
lower levels of herkogamy and compatibility. The studied species are mostly 
incompatible and, in general, inhabit “disturbed” habitats where pollinators are erratic. 
For this reason it will be expected the herkogamy to have a strong effect on the 
pollination efficiency. However, in cases where pollinators are more predictable it 
would be expected reciprocity to have a much more effect. Studies in other groups of 










Generalization to deal with pollinators shifts: open corollas 












Many plant adaptations have arisen towards an efficient pollen flow between 
individuals, like the reciprocal herkogamy in heterostylous plants. Darwin (1877) 
proposed that reciprocal herkogamy promotes cross-pollination and reduces pollen 
wastage due to the accuracy in pollen transference between floral morphs (Lloyd and 
Webb, 1992a, b). In these plants, efficient pollen transfer is ensured by a restrictive 
floral tube, which limits the access of some floral visitors and determines segregated 
pollen transference on pollinator’s bodies (Ganders, 1979; Lloyd and Webb, 1992a). 
Nevertheless, the lack of specialized pollinators or shifts in the array of pollinators can 
lead to imprecise pollen flow in plant populations (Ganders, 1979; Beach and Bawa, 
1980; Pérez-Barrales and Arroyo, 2010). This inaccurate pollen transfer may affect the 
individuals reproductive success (Meeus et al. 2012) or end in the breakdown of 
heterostyly if one of the morphs disappears, as occur in Narcissus papyraceus (Pérez-
Barrales and Arroyo, 2010). However, much of these conclusions have been settled on 
systems characterized by the existence of tubular restrictive floral corollas (e.g. Faivre 
and McDade, 2001; Pérez-Barrales et al., 2007; Ferrero et al., 2011; Keller et al., 
2012), maybe because open-corollas are rare among heterostylous plants (Ganders, 
1979; Lloyd and Webb, 1992a). Thus, we hypothesize that shifts in pollinators or lack 
of specialized pollinators might not have such a drastic effect in heterostylous species 
with ‘open-corollas’, since an easier access to floral reward guarantees a broader range 
of visitors that can accomplish efficient pollen transference (Björkman, 1995; Olesen, 
et al., 2007). 
Melochia species, which present open-corollas, are mostly heterostylous and widely 
distributed in tropical and subtropical regions, occupying different types of habitats. 
These plants are common in disturbed territories (Goldberg, 1967), where the 
presence of pollinators can be scarce or unreliable, being frequently visited by 




generalist pollinators (Ramírez and Navarro 2010). Thus, Melochia constitutes an 
excellent group to test whether differences in pollinator assemblages may also 
influence pollen flow patterns in plants with open-corollas. To do this: i) we 
characterise the assemblages of floral visitors and the variations along their daily 
activity in populations of six Melochia species, and ii) we test whether differences in 
pollinator assemblages between populations affect rates of pollen removal and 
deposition. An approach at the population level has been encouraged to evaluate 
responses to variation in pollinator faunas, because shifts in pollinator assemblages 
between populations could have implications in pollen flow (Pérez-Barrales and 
Arroyo, 2010; Santos-Gally et al., 2013). 
 
 
Materials and methods 
 
Species and population studied 
 
We surveyed 19 Cuban populations of six species of Melochia (Table 1), all of them 
distylous, except for the monomorphic species M. nodiflora. Most species are self-
incompatible but M. nodiflora and M. pyramidata are compatible (Chapter 3, this 
dissertation). The species are shrubs or subshrubs that bear flowers and fruits 
throughout the year. These plants have pentamerous flowers with free petals and 
diurnal anthesis, and differ in flower size among the species (Rodríguez, 2000). The 
petals could be imbricated and contorted but they do not form a tube as in many 
heterostylous species (see Ganders, 1979), thus they can be classified as open-corolla 
species. Whereas all flowers bear 10 ovules, their pollen production differs among 




We performed observations of floral visitors during periods of 15 min until achieve 
20 hours per population. Observations were carried between anthesis and flower 
senescence (0600-1700 h). For each floral visitor we registered the number of flowers 
visited per morph and their behaviour on flowers, including the type of reward 
collected (i.e. nectar and/or pollen). When necessary, we captured floral visitors for 
its identification by experts from Cuban institutions (i.e. the Instituto de Ecología y 





Table 4.1. Populations of Melochia species surveyed. Pollen production (mean number of pollen grains ± standard deviation) per morph and herkogamy are also show. For 
the monomorphic M. nodiflora just one possible value per variable is presented. 
 
Species Population  Coordinates Pollen production 
Herkogamy 
L S L / S 
Melochia nodiflora Sw. A) Santa Clara/ Villa Clara 22°26'N, 79°53'W 308.6 ± 84.3 
 
1.1 
 B) Camagüey city/ Camagüey 21°23'N, 77°53'W 519.1 ± 144.3 
 
0.9 
 C) Viñales/ Pinar del Río 22°35'N, 83°43'W 584.6 ± 139.4 
 
0.8 
M. pyramidata L. A) Santa Clara/ Villa Clara 22°26'N, 79°53'W 726.2 ± 93.7 718.0 ± 108.9 2.7 / 0.9 
 B) Camagüey city/ Camagüey 21°23'N, 77°53'W 746.6 ± 109.9 792.1 ± 108.5 0.9 / 1.5 
 C) Baracoa/ Guantánamo 20°20'N, 74°29'W 799.0 ± 57.2 673.4 ± 158.9 2.3 / 1.0 
M. savannarum Britt. A) Siguanea/ Isla de la Juventud 21°37'N, 82°57'W 1082.8 ± 220.3 995.0 ± 243.9 2.3 / 0.9 
 
B) San Ubaldo/ Pinar del Río 22°07'N, 84°00'W 666.5 ± 130.3 576.6 ± 160.1 1.9 / 0.5 
M. tomentosa L. A) Playa Verraco/ Santiago de Cuba 19°53'N, 75°34'W 1101.3 ± 197.8 918.6 ± 152.4 3.2 / 2.3 
 
B) Playa Santa Lucía/ Camagüey 21°36'N, 77°5'W 1507.7 ± 230.9 1080.9 ± 117.8 4.2 / 4.1 
 
C) Cayo Coco/ Ciego de Ávila 22°31'N, 78°21'W 1417.6 ± 201.9 1119.6 ± 85.2 4.1 / 3.0 
 
D) Playa Caletones/ Holguín 21°12'N, 76°14'W 1964.5 ± 211.0 1191.3 ± 168.3 4.6 / 1.8 
 
E) Cayo Santa María/ Villa Clara 22°39'N, 79°2'W 1265.0 ± 491.2 1147.8 ± 302.7 5.2 / 3.4 
M. villosa (Mill.) Fawc. and Rendle A) Florida/ Camagüey 21°28'N, 78°18'W 1575.4 ± 377.6 885.2 ± 343.6 3.3 / 1.0 
 
B) Aguada de Pasajeros/ Cienfuegos 22°25'N, 80°49'W 1654.4 ± 206.5 1244.9 ± 195.5 3.3 / 1.1 
 
C) Viñales/ Pinar del Río 22°37´N, 83°44´W 1140.7 ± 250.5 1059.4 ± 323.0 3.4 / 1.2 
M. parvifolia H.B.K A) Camagüey city/ Camagüey 21°23'N, 77°53'W 2175.7 ± 298.5 1411.3 ± 144.7 4.3 / 3.8 
 B) Cumanayagua/ Cienfuegos 22°07'N, 80°12'W 2510.0 ± 411.3 2259.3 ± 420.9 4.3 / 2.9 
  C) El Salao/ Santiago de Cuba 20°00'N, 75°45'W 2202.8 ± 219.6 1450.4 ± 303.9 4.7 / 3.5 




The information gathered was used to describe the types of visitors and the 
variations in their daily-activity in each population of Melochia. This kind of data is 
necessary to better understand the ecology of the plants. Also, the number of open 
flowers in each patch was recorded every day. With this information we calculated the 
visitation rates as the number of visits per hour divided by the number of observed 
flowers. Because flower size can affect the flower visitation rates and the may be 
determine the type of visitors entering the flowers (Dafni and Kevan, 1997; 
Thompson, 2001), we measured the length of the petal on 20-50 newly opened 
flowers of each morph in each population. With this information we analysed the 
relationship between the visitation rates and flower size with a generalized lineal 
model using a ‘gaussian’ family type, mean visitation rates as the dependent variable 
and mean flower size as independent variable. Afterwards, to test whether differences 
in the pollinator assemblages depend on populations and species of Melochia we 
performed a permutational multivariate analysis of variance using distance matrices 
(ADONIS). We used the Bray-Curtis matrix of distance with the abundance of each 
floral visitor as dependent variable, species and population as independent factors and 
the mean floral size as a covariate. Both analyses were carried out in R (R Core 2013). 
 
Pollen flow and relationship with pollinator assemblages 
 
We estimated the amount of pollen removed from anthers and we quantified the 
number of pollen grains deposited on stigmas, after a single pollinator visit. To this 
end, we bagged several floral buds of both floral morphs (in distylous taxa). After 
anthesis, we exposed the recently opened flowers (a total of 25 per population) to a 
unique entrance of a visitor. Then, we identified the visitor, and collected one anther 
and the stigma from the visited flower. These structures were mounted independently 
on two microscope slides by embedding them onto a drop of glycerine. 
Besides, we determined the mean pollen produced per flower using 10 anthers 
from developed buds, per morph and population. From each floral bud, we dissected 
one anther and put it on a microscope slide where all pollen grains were extracted on a 
drop of glycerine. We did this under a magnifying glass to guarantee all pollen grains 
were extracted from the anther. The total pollen produced by the anther was counted 
visually and the total pollen production per flower was calculated by multiplying this 
quantity by the number of anthers in the species (five in all of them). To estimate the 
number of pollen grains removed in each pollinator visit we subtracted the number of 
pollen grains left in the anthers from the mean pollen production per flower in each 
population. For the number of pollen grains deposited on stigmas, we squashed the 
styles on a microscope slide and counted the pollen on the stigmas directly in these 
permanent preparations. All counts were made using a stereoscopic microscope with a 
100× magnification power. 
To examine whether differences in pollinator assemblages affected pollen removal 
and deposition we classified all observed pollinators in three groups, hereinafter 
referred as ‘pollinator groups’: 1) ‘fine nectarivorous’ (with a gentle access to nectar, 
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like butterflies and hummingbirds); 2) ‘gross nectarivorous’ (entering in the flower 
and contacting sex organs profusely, like bees and wasps), and 3) ‘pollinivorous’ 
(collecting just pollen when foraging, like dipteran species). This classification allowed 
us to analyse the possible differential role of floral visitors according with their forage 
behaviour and the morphological particularities of open-flowers of Melochia species. 
This categorization differs from other performed for heterostylous species, which have 
been designed for dealing with systems characterized by tubular-shaped corollas (Beach 
and Bawa, 1980; Thompson, 2001; Pérez-Barrales and Arroyo, 2010; Simón-Porcar et 
al., 2014). 
Using this information, we performed generalized lineal models in R (R Core 
Team, 2013), using a ‘quasibinomial’ family type with a link function ‘logit’. The 
models included the proportion of pollen removed (i.e. number of pollen grains 
removed/mean pollen production) and the proportion of pollen deposited on stigmas 
(i.e. number of pollen deposited/ maximum of pollen grain removed) as dependent 






A total of 67 taxa of floral visitors were reported in all Melochia species studied 
(Appendix 4). Visitors were mainly insects, belonging to five orders: Lepidoptera, 
Hymenoptera, Diptera, Coleoptera and Hemiptera (Fig. 4.1). We also registered one 
species of hummingbird (Chlorostilbon ricordii) visiting two populations of M. tomentosa. 
Lepidoptera and Hymenoptera were the orders with the highest diversity and 
frequency among all. All the visitors pollinated Melochia species, except the unique 
species of Pentatomidae (Hemiptera) which behaved as nectar thieve in a population of 
Melochia villosa (Fig. 4.1g). 
The pollinator activity ranged from 0700 h to 1700 h (Fig. 4.2). The hours with 
higher activity varied depending on the plant species. Flowers of M. nodiflora and M. 
savannarum had more visits near noon, while the rest of the species received maximum 
activities in the morning (about 0900-1000 h) and afternoon (approximately at 1500 
h). Most populations showed low visitation rates, with less than one visit/flower per 
hour. Higher visitation rates occurred in populations of M. parvifolia and M. tomentosa; 
most of them performed by Apis mellifera (Appendix 4). Those visitation rates were 
dependent on flower size; populations with larger flowers attracted more pollinators 
(β = 0.225 ± 0.090, t = 2.495, P = 0.018). 
We found significant differences in the pollinator assemblages between Melochia 
species (F = 4.450; P < 0.001) and populations (F = 1.774; P = 0.048), but no 
significant effect of the mean floral size (F = 0.861; P = 0.592) (Fig. 4.3). 






Figure 4.1. Diversity of floral visitors in populations of six Melochia species. A-C) Lepidoptera: 
Cyamenes tripunctus, Agraulis vanillae insularis, Hemiargus hanno filenus; D-F) Hymenoptera: Apis mellifera, 
Capsomeris trifasciata, Lassioglosum parvum; G) Hemiptera: Pentatomidae; H) Coleoptera: Cryptocephalus 
marginicollis; I) Diptera: Ocyptamus sp. 
 
Pollen flow and relationship with pollinator assemblages 
Results of comparisons of pollen removal and pollen deposition between 
populations, morphs and pollinator groups (the three groups defined above) of each 
plant species showed differences for M. nodiflora, M. pyramidata, M. tomentosa and M. 
parvifolia (Appendix 5 and Appendix 6). In M. nodiflora the rate of pollen removal 
differed between pollinator groups (β = 1.98 ± 0.75, t = 2.64, P = 0.0103) and the 
amount of pollen deposited in stigmas, between populations (β = -1.13 ± 0.22, t = -
5.20, P < 0.0001). 
Among the distylous species, we found differences only in pollen removal for M. 
pyramidata, M. tomentosa and M. parvifolia. In M. pyramidata the interaction 
population×morph was significant (β = -0.69 ± 0.34, t = -2.02, P = 0.0478). For M. 
tomentosa the three factors and their interactions were significant, but the higher 
contribution to the explained variance was due to the factor morph (β = 12.07 ± 
4.91, t = 2.46, P = 0.0154) (see also Appendix 5). For this species, pollinivorous 
visitors remove pollen only in S-morph flowers (Fig. 4). Finally, for M. parvifolia we 
found significant differences between morphs (β = 4.55 ± 1.14, t = 3.99, P = 
A B C 
D E F 
G H I 
38    Chapter 4 
 
0.0002), population (β = 1.36 ± 0.48, t = 2.86, P = 0.0055) and their interaction (β 
= -0.90 ± 0.29, t = -3.06, P = 0.0032), but not for the group of pollinators. 
 
 
Figure 4.2. Visitation rates (visits/observed flowers) per hour for populations of six Melochia species.  
 
 





Flowers of Melochia species attract a diverse set of floral visitors, most of them 
characterized as unspecialized and generalists (Ramírez and Navarro 2010; see also 
Supplementary Material Table S1). Until date, the registered visitors pollinating 
Melochia flowers (i.e. Lepidoptera, Hymenoptera, Diptera and Coleoptera) match up 
with the most relevant groups of arthropods described as pollinators in generalist plant 
systems (Ollerton 1999). Despite the morphological and functional similarity between 
flowers of all species (see Chapter 2 and 3) and the presence of such a generalist 
visitors, differences were found among the particular pollinator arrays in the 
populations. Flower size appears not affect the type of pollinators’ in the population, 
but only the number of visits to flowers. The identity of pollinators interacting with a 
plant can depend, among other factors, on the physical characteristics of the 
environment where the plant grows (Herrera 1988; Guitián et al. 1996). Melochia 
species usually grow in disturbed areas (Rodríguez 2000), which have been recognized 
to host unpredictable arrays of pollinators (Baker 1955; Cruden 1977). There is a 
general consensus on the idea that mutualisms, such pollination, may realize specific 
selective pressures on particular traits of the species involved in the interaction (e.g., 
insect and corolla sizes). In this respect, only a spatial and temporal consistency of 
these selective pressures can lead to an evolutionary adjustment between the two 
species interacting (Janzen 1980; Schemske and Horvitz 1984, Herrera 1988, 1995; 
Horvitz and Schemske 1990). However, many studies have shown that usually the set 
of species involved in the interactions a highly variable. In fact, it has been argued that 
this lack of spatio-temporal consistency could limit possibilities of adaptation between 
plants and their pollinators (Herrera 1988). Nevertheless, in the present study, the 
differences in pollinator assemblages among populations are not related to 
dissimilarities in the efficiency of pollen removal and deposition performed by 
generalist pollinators visiting these plants. 
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Figure 4.3. Graphical representation of dissimilarities in abundance and composition of pollinator 





Differences in floral visitors behaviour and morphology may influence critically the 
degree of adjustment between the flower and the pollinator’s body. This is especially 
important for those systems that strongly rely on pollinators’ efficiency, like 
heterostylous plants (Pérez-Barrales et al. 2009; Pérez-Barrales and Arroyo 2010). 
Heterostylous systems have been though to require specialist pollinators due to the 
requirements of accurate pollen transfer between morphs (Pérez-Barrales et al. 2007). 
Scarcity of efficient pollinators in these systems could affect pollen transfer efficiency, 
with the consequences that this may have on the plant species (Pérez-Barrales et al. 
2007). However, the lack of significant differences for pollen deposition on stigmas 
observed in Melochia could point to different types of pollinators holding alike 
effectiveness (Waser et al. 1996; King et al. 2013) and contributing similarly to 
reproduction. Such unexpected results could be related with the morphology of 
flowers of Melochia species.Tesus 








Figure 4.4. Proportion of pollen grains removed in three populations of M. tomentosa, by three 
pollinators groups (1) ‘fine nectarivorous’ (white bars), 2) ‘gross nectarivorous’ (gray bars), and 3) 
‘pollinivorous’ (black bars). 
 
 
Flowers with open-corollas do not raise restrictions on the access of pollinators, and 
may be visited by a wide range of visitors accessing flowers very differently (Björkman 
1995; Olesen et al. 2007). If in addition, the reciprocity between sexual whorls of 
morphs is high, as occurs in Melochia (see Table 1), the efficiency of pollinators, 
although they may be "gross" in their movements, will be improved. This combination 
of heterostylous system with a non-restrictive floral morphology in that many different 
pollinators can be effective, may represent a strategy to cope with the unpredictability 
of disturbed environments. Thus, this group of plants that bloom throughout the year 
could benefit from maintaining a complex reproductive system in an unpredictable 
environment. Future studies should be designed to assess the frequency of similar 


































Strength through unity: spatial affinity between morphs 










Floral morphology in plants has evolved many times towards avoidance of self-
interference and promotion of outcross (Darwin, 1876; Ashman, 2006; Barrett and 
Hodgins, 2006; Willmer, 2011) and stylar polymorphisms such as heterostyly are some 
of the best-known examples of such adaptations (Darwin, 1877). Heterostylous species 
present populations with two or three types of individuals or morphs that differ 
reciprocally in the height of the anthers and stigmas in their flowers; this is known as 
reciprocal herkogamy (Barrett, 1992; Barrett, 2002). Individuals of the L-morph display 
the stigmas above the anthers whereas stigmas of the S-morph plants are placed below the 
anthers. Reciprocal herkogamy is often accompanied by an incompatibility system that 
prevents physiologically from selfing and from fertilization between individuals of the 
same morph (Barrett, 1992). Both the reciprocal herkogamy and the incompatibility 
system have an important function favouring legitimate pollination, also termed 
disassortative mating (i.e. crosses between plants of different floral morph [Darwin, 
1877; Barrett, 1992]). However, the heteromorphic incompatibility system appears to 
have evolved independently of reciprocal herkogamy (Ferrero et al., 2012), and in some 
cases it can be lost (reviewed in Barrett and Cruzan, 1994; Ferrero et al., 2012; Santos-
Gally et al., 2013) or modified to some extent (Barrett and Harder, 2005; van Rosum et 
al., 2006; Brys et al., 2008; Faria et al., 2012). The weak or partial expression of the 
morph- incompatibility may ensure progeny during mate or pollinator scarcity in 
ephemeral habitats (Baker, 1955; Colautti et al., 2010) and the differences in the 
expression of incompatibility system between morphs can lead to differential effects of 
isolation on plant reproductive success. For instance, in Pulmonaria officinalis, plants of the 
L-morph are capable of producing higher seed set after illegitimate crosses (both selfing 
and crosses among plants of the same morph) than those of the S-morph (Brys et al., 
2008). In this species the spatial distribution and the degree of isolation affects differently 
both morphs in such a way that  the S-morph plants depend more on nearby availability of 
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potential mates of the opposite morph to produce fruits than the L-morph plants do (Brys 
et al., 2010). 
In the case of heterostylous plants with a heteromorphic incompatibility system the 
proximity of potential mates is assumed to have a similar effect in the reproductive 
success of both morphs (Levin, 1974; Ishihama et al., 2006; Brys and Jacquemyn, 2010). 
Thus, in this case isolation of individuals should be particular disadvantageous for mating 
opportunities (Brys et al., 2007). Besides, the role of pollinators must be considered 
irrespective of the distribution patterns of morphs in the populations. A more aggregated 
distribution of potential mates (i.e. each individual is usually nearby another of the 
opposite morph) is expected to improve fruit set when pollinators move between close 
plants (see Levin, 1974). However, in populations with many individuals of the same 
morph grouped together, pollinators flying short distances would promote illegitimate 
pollinations among individuals causing pollen clogging (Shore and Barrett, 1984). In both 
cases, those effects could be diluted when pollinators foraging strategy consist in flying 
larger distances. 
Most Melochia species are heterostylous from tropical and subtropical regions (Goldberg, 
1967). Despite current information about floral morphology (Martin, 1967; Chapter 2, 
this dissertation) and breeding system of some species (Machado and Sazima, 2008; 
Ramírez and Navarro, 2010; Chapter 3) much work is needed to better understand its 
ecology. 
Several Melochia species colonize disturbed environments (Goldberg, 1967) and most of 
them are usually self- and morph-incompatible (Machado and Sazima, 2008; Ramírez and 
Navarro, 2010; Chapter 3). In this study, we determine how the spatial closeness of 
morphs affects the reproductive output of several Melochia species that have a 
heteromorphic incompatibility system. For this, we firstly determined the segregation 
level of morphs in several populations. The segregation level refers to whether the 
number of individuals with the nearest neighbour of the same morph as themselves 
exceeds expectations based upon an assumption of random distribution (Levin 1974). 
Secondly, we examined the effect of distance to the nearest potential mates (i.e., the 
nearest individual of the opposite morph) on the seed-ovule ratio of plants in these 
populations and species. 
 
Materials and methods 
 
Sites and studied species 
 
We studied six populations of four distylous species of the genus Melochia in Cuba 
(Table 5.1). All of them are perennial herbaceous plants flowering and fruiting 
throughout the year (Goldberg, 1967). They show an open-corolla morphology and 
dehiscent capsules that develop a maximum of 10 seeds (Rodríguez, 2000). Two of these 
species are typically found at disturbed habitats: M. villosa (Mill.) Fawc. & Rendle and M. 
parvifolia H.B.K, whereas Melochia savannarum Britt. is endemic of siliceous white-sands in 
Pinar del Río and Isla de la Juventud, and M. tomentosa L. inhabits coastal xeromorphic 




thickets (Goldberg, 1967; Rodríguez, 2000). As mentioned in the introduction, the four 
species have a heteromorphic incompatibility system, which prevent from selfing and 
from pollinations among individuals of the same morph (Machado and Sazima, 2008; 
Ramírez and Navarro, 2010; Chapetr 3, this dissertation). 
 
Table 5.1. Melochia species and populations studied. 
 
Species Population Coordinates Elevation† 
M. savannarum Siguanea, Isla de la Juventud 21°37' N, 82°57' W 7 
M. tomentosa  Caletones, Holguín 21°12' N, 76°14' W 4 
M. tomentosa  Cayo Coco, Ciego de Ávila 22°31' N, 78°21' W 6 
M. villosa Aguada de Pasajeros, Cienfuegos 22°25' N, 80°49' W 40 
M. villosa Viñales, Pinar del Río 22°37' N, 83°44' W 143 
M. parvifolia El Salao, Santiago de Cuba 20° 00' N, 75°45' W 45 
† meters above sea level 
Data collection in surveyed populations 
 
In each population we randomly selected 10 flowering individuals of each floral 
morph. For each selected plant we counted the number of flowers and fruits produced in 
a single branch with the same size and exposition. The total number of flowers and fruits 
in the branch were used to account for the possible effect of plant vigour on the 
reproductive output. Then, we collected the fruits in the branch to quantify seed to ovule 
ratio, as an indicative of legitimate pollination. In plants with a heteromorphic 
incompatibility system the number of seeds per fruit should depend on the quality of the 
pollen deposited in their stigmas, since only the legitimate pollen would develop in viable 
seeds. 
For each individual, we identified the morph of the nearest neighbour. Then, we 
measured the distance of each plant to the nearest potential mate (i.e. for incompatible 
species, the nearest flowering plant of the opposite floral morph) and the distance to the 
five nearest potential mates. We used these five measurements as a way to test the effect 
of proximity of the neighbourhood on sexual reproductive success. 
 
Spatial segregation of morphs 
 
We assessed the spatial segregation of floral morphs in the populations using the 
segregation index (S) proposed by Levin (1974). The S index reflects the degree to which 
individuals of one morph are closer of others of the same morph as themselves, following 
the concept of segregation elaborated by Pielou (1961). The S index was thus calculated 
as follows: S = 1 - (observed number of LS and SL pairs / expected number of LS and SL 
pairs); LS indicates the L-morph is the focal plant and the S-morph is the nearest 
neighbour; SL denotes combinations of S-morph focal plant and L-morph one as the 
nearest neighbour. Segregation index is zero for an unsegregated population; 1 for a 
completely segregated population, in which plants of the same morph are closer than 
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expected by random; negative values point to a spatial affinity between the floral morphs, 
which means within the population it will be more frequent to find individuals of 
different morphs together than with a random pattern (Levin, 1974). Significance of 
spatial segregation pattern (S index) was tested through Chi-square 2 × 2 contingency 
tables. Contingency tables were built with the observed and expected proportions of each 
of the four types of nearest-neighbour relationships between morphs, at each population 
(i.e. the combinations LL, SS, LS, SL). 
 
Effect of distance to potential mates 
 
We tested the effect of proximity of the neighbourhood on seed-ovule ratio of each 
morph using the distance to the nearest individual of the opposite morph and the 
harmonic mean of the five measurements to the closer potential mates. We used the 
harmonic mean rather than other measures of central tendency because it’s not so 
affected by extreme values and then it's more conservative for the remoteness of the 
neighbourhood (Ferger, 1931).  
For the statistical analysis we used generalized lineal models for each species. In them, 
we considered the variable ‘distance to the nearest individual of the opposite morph’ and 
‘floral morph’ as fixed factors, while ‘flower production’ and ‘fruit production’ were 
incorporated as covariates. Additional models were performed with the same 
specification but using as factor ‘the harmonic mean of the distance to the five nearest 
individuals of the opposite morph’ instead. These latter models were employed to assess 
the possible effects of the neighbourhood composed by individuals of the opposite morph. 
Model analyses were performed in R (R Core Team 2013) using the ‘quasibinomial’ as 
family type with a ‘logit’ link function. To perform the models, we applied a log-
transformation of both distances; while we transformed ‘flower production’ and ‘fruit 
production’ with the log (x+1) to guarantee linearity. We choose a priori a significant 






According with the segregation index values (S), all the studied populations showed 
spatial affinity between floral morphs (Table 5.2). Populations of M. tomentosa presented 
the highest values of S. However, Chi-square tests were no significant for any population 
of this species, indicating instead a random spatial association of plants. For the 
populations of the other three species there were statistically significant departures from 
random spatial association (Table 5.2). In these populations, it is more probable to find 
different morphs together than expected by chance.   




Effect of nearest potential mate and neighbourhood on seed-ovule ratio 
 
The relation between the seed-ovule ratio (S/O) and the distance to the nearest potential 
mate and neighbourhood is shown in Figure 5.1. In all species, distances to the five 
nearest neighbours of the opposite morph were no further than six meters for most 
individuals in the studied populations (Figure 5.1). Only for the two populations of M. 
tomentosa an increasing distance to the nearest potential mate and to the neighbourhood of 
potential mates was significantly related to a decrease in the seed-ovule ratio (Table 5.3). 
Non-significant differences between floral morphs or effect of flower and fruit number on 
seed-ovule ratio were found for the populations surveyed. 
 
Table 5.2. Values of segregation index (S), following Levin (1974) and results of the chi-square (χ2) (and their 
P-values) between the observed and expected frequency of the four types of nearest-neighbour relationships 
between morphs, at each population (i.e. the combinations LL, SS, LS, SL). Significant differences are highlighted 
in bold. 
 
Species (Population)  S χ2 P-value 
M. savannarum (Siguanea) -0.60 7.20 0.01 
M. tomentosa (Caletones) -0.42 2.57 0.11 
M. tomentosa (Cayo Coco) -0.20 0.95 0.33 
M. villosa (Aguada de Pasajeros) -0.60 7.20 0.01 
M. villosa (Viñales) -0.60 4.67 0.03 




Spatial distribution of potential mates varies in the Melochia species studied and has 
different effects on individuals’ reproductive success. Despite all the surveyed Melochia 
species are self-incompatible and reproduction is not feasible between plants of the same 
morph (Machado and Sazima, 2008; Ramírez and Navarro, 2010; Chapter 3, this 
dissertation), only populations of M. tomentosa exhibited a significant effect of spatial 
distribution on seed-ovule ratio. In this species, the seed-ovule ratio was negatively 
associated with increases in the distance to potential mates, which was our general 
expectation for heterostylous species with heteromorphic incompatibility system. 
Differential effects of distance to the nearest mates on seed-ovule ratio could be 
explained through the analysis of spatial distribution of morphs and their relationship with 
the activity of pollinators. Most of the populations surveyed in this study have their five 
nearest-neighbour of the opposite morph in the surrounding six meters, showing, 
additionally, a spatial affinity between morphs (negative values of S index, see Table 5.2). 
Despite a random spatial distribution of the morphs can be expected in distylous 
populations where disassortative mating is prevalent (Rossum and Triest, 2007; Hodgins 
and Barrett, 2008), there are many examples in literature describing spatial segregation 
of L and S morphs (eg., Levin, 1974; Weller, 1981; Hodgins and Barrett, 2008) and also 
spatial affinity (eg., Ornduff, 1980; Nicholls, 1986; Wolfe, 2001). An aggregated 
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disposition of morphs suggests that legitimate pollinations occur within a few meters 
from the pollen donor (Wolfe, 2001; Brys et al., 2007). This appears to be the case of 
most studied Melochia species. However, in M. tomentosa morphs appear to be rather 
randomly distributed in the populations. In this species, a decrease in the distance to the 
nearest potential mate (and also to the neighbourhood formed by individuals of the 
opposite morph) appears to boost the levels of legitimate pollination. In relation to the 
neighbourhood proximity, the existence of many legitimate pollen sources could improve 
individual seed production (Schemske and Pautler, 1984). 
 
Figure 5.1. Relation between seed-ovule ratio (S/O) and 1) distance to the nearest neighbour (●) and 2) 
the harmonic mean distance to the five nearest neighbours (○), in populations of four self-incompatible species 
of genus Melochia. The identity of each population is given in parenthesis. 




Pollinator foraging behavior may affect the quality of pollen loads (Herrera, 1987). 
Some pollinators forage intensively, minimizing flying distances and selecting patches of 
flowers rather than solitary flowers; this behavior has been described for hymenopteran 
pollinators like Apis mellifera (Waddington, 1980; Herrera, 1987). Indeed, this is the most 
frequent floral visitor of both M. tomentosa and M. parvifolia, and in some populations of 
these two species A. mellifera accounts for more than 90% of the registered visits (Chapter 
4, this dissertation). Since M. parvifolia plants display a strong spatial affinity between 
morphs (values of S = - 0.60) closer neighbours are expected to be of the opposite 
morph. The short flights of A. mellifera, and other hymenopteran with a similar behavior, 
will then result in great amounts of legitimate pollen deposited on stigmas. However, in 
M. tomentosa, where there is not spatial affinity between morphs, the effect of proximity 
to potential mates is more intense – as indicate values of seed-ovule ratio. The disposition 
of morphs in this species could favour an insect to visit successive plants of the same 
morph more than in the rest of species, and this may result in greater amounts of pollen 
wasted.  
Table 5.3. Results for the generalized lineal models on the effect of distance to the nearest potential mate 
neighbour (or neighbourhood), morph type, flowers and fruits number, on seed-ovule ratio of populations from 
four self-incompatible Melochia species. To test neighbourhood effect, mean harmonic distance (†) to the five 
nearest mate neighbour was used as independent variable. Significant differences are highlighted in bold. 
Species Variables 
Nearest neighbour Neighbourhood 
t P t P 
M. savannarum distance(†) -0.187 0.854 -0.381 0.708 
(Isla de la Juventud) flowers -0.733 0.475 -0.599 0.558 
 
fruits 0.154 0.775 2.048 0.059 
 
morph 0.762 0.458 0.722 0.481 
M. tomentosa  distance(†) -2.511 0.033 -2.525 0.033 
(Caletones) flowers 0.208 0.840 0.376 0.716 
 
fruits 0.357 0.729 0.249 0.809 
 
morph -0.077 0.940 -0.357 0.729 
M. tomentosa  distance(†) -4.432 >0.001 -3.420 0.004 
(Cayo Coco) flowers -0.373 0.714 -0.307 0.763 
 
fruits 0.287 0.778 0.750 0.465 
 
morph 0.943 0.360 0.359 0.725 
M. villosa distance(†) -1.305 0.211 -1.109 0.285 
(Aguada de Pasajeros) flowers -0.765 0.456 -0.746 0.467 
 
fruits 2.092 0.054 2.025 0.061 
 
morph -0.683 0.505 -0.778 0.449 
M. villosa distance(†) -1.436 0.185 -1.229 0.250 
(Viñales) flowers 1.135 0.286 1.042 0.324 
 
fruits 0.991 0.348 1.032 0.329 
 
morph 0.238 0.817 0.094 0.927 
M. parvifolia distance(†) -1.608 0.129 -0.022 0.983 
(El Salao) flowers 0.177 0.862 -0.514 0.615 
 
fruits -0.239 0.814 -0.442 0.665 
  morph -0.967 0.349 -1.625 0.125 
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A similar reproductive success between morphs matches with the expression of the 
heteromorphic incompatibility system in M. tomentosa and its similar capacity to set fruits 
and seeds (Machado and Sazima, 2008). Differences in reproductive success between 
morphs have been found rather for self-compatible species in which one of the morph 
shows higher degree of compatibility (Brys and Jacquemyn, 2010) or in populations with 
unequal morph frequencies as a result of the negative frequency-dependent selection 
(Eckert et al., 1996; Thompson et al., 2003; Brys et al., 2007). Additionally, the number 
of flowers and fruits has no effect on the seed-ovule ratio what means plant reproductive 
success not to depend much on the vigour of plants in these species. 
On the other hand, the results found for M. savannarum and M. villosa may have also 
two main causes. The first of these putative causes is the incidence of pollinators with 
larger flying distances, like butterflies. Butterflies describe longer flying distances than 
other pollinators, like hymenopteran, when forage on flowers (Herrera, 1987) and are 
very common pollinators of these two species (see Chapter 4). Additionally, despite 
pollinators can transfer enough amounts of pollen to maximize seed set, plants could not 
reach that maximum if they suffer of resource limitation. In many cases resource 
limitation rather than pollen limitation could affect fruit or seed set (Ashman et al., 2004; 
Yang et al., 2005; Knight et al., 2006), although both can act at the same time (Brookes et 
al., 2008). This possible effect of resource limitation on seed-ovule ratio could be 
especially critical for these two species of Melochia due to the low level of nutrients in the 
soils they occupy (Rodríguez, 2000; Borhidi, 1991). The fact that just Melochia 
savannarum and M. villosa are precisely the two species that do not produce a maximum 
seed set even after pollen supplementation is an indicative of such a prediction (see 
Chapter 3). For the endemic M. savannarum, resource limitation could be particularly 
important since it inhabits at the strongly poor-nutrient siliceous white-sands savannahs of 
the western region of the Cuban archipelago, exposed, in addition, to recurrent fires 
(Rodríguez, 2000; Borhidi, 1991). 
Spatial affinity between morphs is the pattern more common in the studied Melochia 
species. In heterostylous species with a heteromorphic incompatibility system the affinity 
between morphs appear to be an advantage when colonizing unpredictable habitats by 
ensuring a higher probability of pollinators achieving legitimate pollinations. However, 
the prevalent spatial affinity rather than the expected random distribution of morphs in 
the Melochia populations and how this spatial pattern has arisen is unclear, and remains 





















La caracterización del síndrome heterostilo de Melochia, presentada en esta 
memoria, refleja evidencias de la evolución del polimorfismo en el grupo, en estrecha 
relación con sus polinizadores y la ecología de las especies estudiadas. En los resultados 
del Capítulo 2 se describe el tipo de polimorfismo estilar de varias especies de Melochia 
en Cuba y se confirma la existencia de variaciones entre poblaciones. Se muestra, 
además, la existencia de monomorfismo y dimorfismo floral; el primero, representado 
en M. nodiflora, y el segundo, en el resto de las especies estudiadas (M. pyramidata, M. 
savannarum, M. tomentosa, M. villosa y M. parvifolia). Estas especies dimórficas pueden 
ser consideradas todas como distilas, atendiendo a los resultados de la morfometría 
floral. En el caso del monomorfismo, este se ha reportado también para otras especies 
de Melochia, no consideradas en esta tesis (ej. M. corchorifolia y M. melissifolia 
[Goldberg, 1967]). El estudio de los caracteres ancilares, en estas especies, revela una 
interrogante sobre el posible origen del polimorfismo en Melochia, ya que la 
ornamentación del polen de la especie monomórfica M. nodiflora es muy similar a la del 
polen del morfo L en las especies distilas. Este hecho despierta dudas acerca de si este 
monomorfismo es resultado de la pérdida de la heterostilia, o si precede a su 
evolución. 
Para la interpretación del monomorfismo en M. nodiflora podrían ser útiles los 
resultados encontrados para M. pyramidata. Esta última especie posee poblaciones 
donde el morfo S está escasamente representado o ausente; resultado que corrobora lo 
encontrado por Martin (1967) y Ramírez y Navarro (2010). Pero, la existencia de 
poblaciones mantenidas en el tiempo con un solo morfo floral únicamente puede 
acontecer cuando se pierde el sistema de incompatibilidad total o al menos 
parcialmente. En este sentido, en el Capítulo 3 se encuentra que tanto M. nodiflora 
como M. pyramidata son autocompatibles y que la formación de frutos y semillas puede 
ocurrir de forma espontánea (sin necesidad de polinizadores). En cambio, el resto de 
las especies de Melochia estudiadas presenta el clásico sistema de incompatibilidad 
heteromórfico que previene de las autofecundaciones y las fecundaciones entre plantas 
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de un mismo morfo. La autocompatibilidad podría ser una ventaja durante la 
colonización de hábitats efímeros, donde a menudo suelen desarrollarse las dos 
especies de Melochia en las que se ha detectado la condición autocompatible (Capítulo 
3). Esto se corresponde con lo reportado para otras angiospermas (heterostilas o no) 
propias de ambientes seriamente perturbados, altamente aislados o efímeros (Baker, 
1955; Rambuda y Johnson, 2004; Colautti et al., 2010; Petanidou et al., 2012; Castro 
et al., 2013). Además, M. nodiflora y M. pyramidata presentan las flores más pequeñas y 
los menores valores de hercogamia, dos características también asociadas con el 
llamado “síndrome de autofertilización” (i.e. en el proceso de tránsito hacia la 
autocompatibilidad se asocian una serie de cambios morfológicos y reproductivos de 
las flores [Darwin, 1876; Stebbins, 1970; De Vos et al., 2014]). Los menores valores 
de la hercogamia se asocian a un mayor grado de compatibilidad y con menores valores 
de la razón polen-óvulo (P/O) [una medida de la eficiencia de la polinización, sensu  
Cruden (1977)]. Sin embargo, y contrario a nuestras predicciones basadas en los 
planteamientos de Lloyd y Webb (1992), cuanto mayor es la reciprocidad antera-
estigma mayores son los valores de P/O. Esto podría indicar que la dependencia de las 
plantas en vectores de polinización determina la mayor inversión en la producción de 
gametos, como propuso Cruden (1977). 
Por otra parte, el papel de los polinizadores como agentes de selección en la 
evolución de caracteres florales es ampliamente reconocido (Darwin, 1862; Whittall 
and Hodges, 2007). En el caso de las plantas heterostilas los polinizadores podrían 
constituir un importante “motor evolutivo” para este tipo de polimorfismo, según el 
modelo de Lloyd y Webb (1992). Las especies de Melochia estudiadas en la presente 
memoria tienen polinizadores muy diversos, tanto en cuanto a su composición 
taxonómica como por la composición en tipos funcionales (Capítulo 4). La existencia 
de un sistema de polinización generalista es favorecido por la morfología floral de 
Melochia ya que los polinizadores pueden acceder a los nectarios desde cualquier 
dirección y con diferentes estrategias de aproximación (Björkman, 1995). De este 
modo, mientras que muchas heterostilas poseen corolas tubulares (o formas similares) 
que limitan el acceso a la recompensa floral a determinados grupos de visitantes 
florales, las especies de Melochia tienen corolas abiertas, lo que potencia su 
accesibilidad y amplia grandemente el espectro de polinizadores que contribuyen al 
éxito reproductivo de estas plantas. Consecuentemente, cambios en abundancia y 
riqueza de polinizadores no producen cambios tan acentuados en los patrones de 
deposición de polen. Por tanto, diferentes polinizadores podrían estar teniendo un 
efecto similar en la producción de semillas. La posibilidad de seguir dispersando 
suficiente polen, a pesar de que ocurran cambios en el espectro de polinizadores, 
podría constituir una ventaja adaptativa importante en las especies de Melochia, muchas 
de las cuales suelen colonizar ambientes altamente perturbados y efímeros donde la 
disponibilidad de polinizadores puede ser baja o impredecible (Rodríguez 2000). 
En los ambientes efímeros también puede ser baja la disponibilidad de potenciales 
parejas, es decir, individuos conespecíficos y compatibles. Por ello, el aislamiento 
espacial de plantas heterostilas puede afectar su éxito reproductivo (Brys et al., 2004; 




Brys et al., 2007). Es por ello que, en ocasiones, en tales hábitats las plantas suelen 
perder o relajar los sistemas de incompatibilidad, lo que les permite asegurar la 
progenie (Baker, 1955; Cruden, 1977). Sin embargo, varias de las especies de Melochia 
estudiadas son estrictamente auto- y morfo-incompatibles (Capitulo 3). Por tanto, 
podría esperarse que los morfos presenten una afinidad espacial (morfos opuestos estén 
espacialmente más juntos) que garantice un mayor éxito reproductivo. En el Capítulo 
5 se evalúa tal predicción, y se encuentra que sólo en una especie (i.e. M. tomentosa), 
de las cuatro especies auto- y morfo-incompatibles evaluadas, la afinidad espacial no es 
significativa. Curiosamente, es precisamente esta la única especie en la que el éxito de 
sus poblaciones se afecta con el aumento de la distancia a las parejas potenciales. Tal 
resultado, podría explicarse por el predominio de Apis mellifera en cerca del 90% de las 
visitas florales (Capítulo 4); cuyos vuelos suelen ser generalmente cortos durante el 
forrajeo (Waddington, 1980; Herrera, 1987). Por tanto, la ausencia de afinidad 
espacial entre morfos para M. tomentosa podría hacer más probable que esta especie 
visite sucesivamente plantas del mismo morfo, lo cual resulta en un descenso del éxito 
reproductivo de las plantas. En cambio, las especies M. savannarum y M. villosa no 
mostraron ninguna relación entre la proximidad de potenciales parejas y el éxito 
reproductivo, quizás también porque en sus poblaciones se manifiesta una mayor 
abundancia de polinizadores con mayores distancias de forrajeo, como las mariposas 
(Herrera, 1987), pero también por el posible efecto de la limitación de recursos en las 




Los resultados de la presente memoria confirman la idea de que la comprensión de 
la heterostilia requiere del estudio de nuevos sistemas, incluyendo las especies que no 
poseen el patrón típicamente descrito en la literatura (ver Ganders, 1979; Lloyd y 
Webb, 1992a). A pesar de que Ganders (1979) considerara a la fusión de los estambres 
de Melochia como equivalente al tubo floral de muchas otras heterostilas, los resultados 
de la presente investigación apuntan a que una corola abierta (como la de este género) 
no es restrictiva para la entrada de polinizadores, ni aun en presencia de la citada fusión 
de estambres. Por el contrario, la corola de pétalos libres de Melochia permite el acceso 
a ensambles de polinizadores muy diversos, sin importar las dimensiones de sus 
estructuras bucales, lo cual supone importantes implicaciones para el flujo de polen. 
Hasta ahora, las teorías desarrolladas en relación con la heterostilia (tanto respecto a su 
evolución como a su pérdida) han sido elaboradas sobre la base de la restricción 
morfológica a ciertos polinizadores y de lo que genera el cambio de estos (Beach y 
Bawa, 1980; Lloyd y Webb, 1992a, b). Sin embargo, el presente estudio revela que 
estas argumentaciones teóricas podrían no ser las únicas a tener en cuenta. Aún quedan 
preguntas por contestar en el género Melochia y su síndrome heterostilo, quizás las más 
relevantes relacionadas con la evolución de la heterostilia en este grupo. La descripción 
del síndrome heterostilo en otras especies del género (diverso y ampliamente 
distribuido) y la reconstrucción filogenética del grupo basada en caracteres moleculares 
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podrían arrojar luz sobre esta cuestión. Por su parte, las nuevas propuestas sobre la 
funcionalidad de este polimorfismo en corolas abiertas requieren de apoyos 
suplementarios, por lo cual sería interesante el estudio de más grupos cuya morfología 
floral no se ajuste al clásico patrón descrito para la heterostilia (p. ej., taxones con 
corolas no tubulares o corolas zigomórficas). No obstante, el presente estudio en 
Melochia presupone un avance hacia una mejor comprensión de un polimorfismo que 





1. En el síndrome heterostilo de Melochia se destaca una alta reciprocidad  antera-
estigma entre morfos florales y la presencia de caracteres ancilares marcados 
(longitud de la corola, tamaño y producción de granos de polen, ornamentación de 
la exina y morfología de las papilas estigmáticas).  
 
2. El monomorfismo de Melochia nodiflora, con polen similar al morfo L de las 
especies distilas, y la existencia de poblaciones de M. pyramidata con sólo plantas 
del morfo L, sugieren que el género Melochia podría ser un buen sistema modelo 
para inferir cómo ocurre la pérdida de la heterostilia en un contexto filogenético. 
 
3. Cuatro de las seis especies estudiadas presentan un sistema de incompatibilidad 
heteromórfico, mientras que las dos restantes (i.e. Melochia nodiflora and M. 
pyramidata) son auto- y morfo-compatibles e independientes de los polinizadores 
para producir semillas viables. Esto último podría estar facilitando la colonización 
de nuevos hábitats y la amplia distribución propia de estas dos especies. 
 
4. En las especies estudiadas, la mayor eficiencia de la polinización (i.e. menores 
valores de P/O) está asociada a una menor hercogamia y mayor grado de 
compatibilidad, pero no a una mayor reciprocidad antera-estigma. La 
dependencia de las especies con mayor reciprocidad en vectores de polinización 
demanda una mayor inversión en la producción de gametos, tal y como se ha 
propuesto en la literatura. 
 
5. La corola abierta de Melochia facilita la polinización por un amplio ensamblaje de 
visitantes, cuya variación interpoblacional en abundancia y riqueza no afecta 
significativamente la deposición de polen, y por tanto, la producción de semillas. 
Esto podría facilitar el establecimiento de estas especies en ambientes con escasa o 
impredecible disponibilidad de polinizadores. 
 
6. En las especies morfo-incompatibles de Melochia, la afinidad espacial entre morfos 
(i.e. mayor proximidad entre individuos de morfos opuestos) incrementa el éxito 
reproductivo. Sin embargo, otros factores, como la disponibilidad de recursos y la 
estrategia de forrajeo de los polinizadores, también podrían modular esta relación. 
 
7. El estudio de especies heterostilas con corolas abiertas, proporciona una 
comprensión más general de la heterostilia y sugiere la necesidad de incorporar a 
más especies con morfologías “atípicas” en futuros trabajos sobre la evolución del 
síndrome heterostilo. 










1. In the heterostylous syndrome of Melochia stands out a high anther-stigma 
reciprocity between floral morphs and the presence of remarkable ancillary 
characters (corolla length, size and pollen grain production, exine ornamentation 
and morphology of stigmatic papillae). 
 
2. The monomorphism of Melochia nodiflora, with similar pollen to L-morph of the 
distylous species, and the existence of M. pyramidata populations with only L-
morph plants, suggest that the genus Melochia could be a good model system to 
infer how heterostyly breakdown takes place in a phylogenetic context. 
 
3. Four of the six species studied show a heteromorphic incompatibility system, 
while the two remaining (i.e. Melochia nodiflora and M. pyramidata) are self- and 
morph-compatible and independent of pollinators to produce viable seeds. The 
latter could be facilitating the colonization of new habitats and the wide 
distribution inherent to these two species. 
 
4. In the studied species, the higher pollination efficiency (i.e. lower values of P/O) 
is associated to lower herkogamy and higher compatibility degree, but not to a 
higher anther-stigma reciprocity. The dependence of the species with higher 
reciprocity upon pollination vectors demands of a higher investment in gametes 
production, as it has been proposed in literature. 
 
5. The open-corolla of Melochia facilitates the pollination by a wide assemblage of 
floral visitors, which variation between populations in abundance and richness do 
not affect significantly the pollen deposition, and then, the production of seeds. 
 
6. In the self-compatible species of Melochia, the spatial affinity between morphs (i.e. 
higher proximity between individuals of opposite morphs) increase the 
reproductive success. However, other factors, like resource availability and the 
forage strategy of pollinators, could also modulate this relationship. 
 
7. The study of heterostylous species with open-corollas, provides a more general 
comprehension of heterostyly and suggest the need to incorporate more species 
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Appendix 1. Samples size, corolla length, pistil length, stamens length and stigma-anther separation for each level for the studied populations of Melochia species. Values of 
arithmetic median and variation coefficient (CV) in millimeters are shown. For monomorphic populations (i.e. with no differentiation in L and S morphs), results are show 
just in the same column of L morphs 




Corolla length Pistil length Stamens length Stigma-anther 
separation 




Melochia nodiflora Gerona Beach, Isla de la 
Juventud 
1 21°54'41.64" N,  
82°48'55.67" W 






   
              
Melochia nodiflora Rio San Juan, Cienfuegos 2 21°55'16.75" N,  
80°16'08.59" W 






   
              
Melochia nodiflora Presa Minerva, Villa Clara 3 22°26'25.33" N,  
79°48'36.41" W 






   
              
Melochia nodiflora Jardín Botánico S. Spiritus, 
Sancti Spiritus 
4 21°55'49.91" N,  
79°27'22.65" W 






   
              
Melochia nodiflora Zaza del Medio, Sancti Spiritus 5 21°58'57.43" N,  
79°24'17.46" W 






   
              
Melochia nodiflora Jobabito, Las Tunas 6 21° 01'26.77" N,   
77° 08'36.19" W 






   
              
Melochia pyramidata San Diego, Pinar del Río 7 22°38'57.96" N,  
83°22'00.87" W 













              
Melochia pyramidata Arroyo Arenas, La Habana 8 23° 02'58.15" N,  
82°28'07.57" W 






   
              
Melochia pyramidata Empresa Forestal #3, La 
Habana 
9 23° 03'33.11" N,  
82°25'11.76" W 
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Melochia pyramidata La Chata, Boyeros, La Habana 10 23° 02'5.51" N,  
82°22'52.36" W 













              
Melochia pyramidata Guanabo, La Habana 11 23°10'18.54" N,  
 82° 06'35.52" W 













              
Melochia pyramidata Paisito, Caunao, Cienfuegos 12 22°11'22.23" N,  
80°22'42.24" W 













              
Melochia pyramidata Pepito Tey, Cienfuegos 13 22° 07'30.03" N,  
80°20'28.03" W 













              
Melochia pyramidata Paradero de Camarones, 
Cruces, Cienfuegos 
14 22°18'22.84" N,  
80°19'13.64" W 













              
Melochia pyramidata Rio San Juan, Cienfuegos 15 21°55'16.41" N,  
80°16'09.33" W 













              
Melochia pyramidata Presa Minerva, Villa Clara 16 22°26'24.71" N,  
79°48'34.92" W 













              
Melochia pyramidata Banao, Sancti Spiritus 17 21°51'19.66" N,  
79°34'29.20" W 













              
Melochia pyramidata Jardín Botánico S. Spiritus, 
Sancti Spiritus 
18 21°55'51.67" N, 
79°27'23.64" W 













              
Melochia pyramidata Gaspar, Ciego de Ávila 19 21°43'55.04" N,  
78°29'52.04" W 













              
Melochia pyramidata Jimaguayú, Camagüey 20 21°16'46.21" N,  
77°47'14.64" W 
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Melochia pyramidata Bayamo, Granma 21 20°20'51.21" N,  
76°35'01.48" W 













              
Melochia pyramidata Contramaestre, Santiago de 
Cuba 
22 20°17'34.11" N,  
76°12'36.25" W 













              
Melochia pyramidata Palmarito de Tacámara, 
Holguín 
23 20°40'51.48" N,   
76° 01'31.63" W 













              
Melochia pyramidata Melgarejo, Santiago de Cuba 24 20° 03'38.10" N,  
75°55'52.10" W 













              
Melochia pyramidata El Salado, Santiago de Cuba 25 20° 00'38.07" N, 
75°45'53.73" W 













              
Melochia savannarum Laguna de Los Carneros, San 
Ubaldo, Pinar del Río 
26 22°07'00'' N,  
84°00'22'' W 













              
Melochia savannarum Siguanea and Colony Hotel, Isla 
de la Juventud 
27 21°37'56'' N,  
82°57'45'' W 













              
Melochia tomentosa Península Ancón, Trinidad, 
Sancti Spíritus 
28 21°46´01.36'' N, 
80°01´04.28'' W 













              
Melochia tomentosa Playa Caletones, Gibara, 
Holguín 
29 21°12'26.18" N,  
76°14'05.51" W 













              
Melochia tomentosa Playa Verraco, Santiago de 
Cuba 
30 19°53´35.83'' N, 
75°34´07.97'' W 













              
Melochia villosa Viñales, Pinar del Río 31 22°37´02'' N,  
83°44´15'' W 
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Melochia  villosa Aguada de Pasajeros, 
Cienfuegos 
32 22°25'06.83" N,   
80°49'01.03" W 













              
Melochia  villosa Las Ciegas, Florida, Camagüey 33 21°28'58.76" N,  
78°18'05.57" W 













              
Melochia parvifolia Loma La Coca, Mayabeque 34 23° 05'36.25" N,   
82° 07'42.14" W 













              
Melochia parvifolia Paisito, Caunao, Cienfuegos 35 22°11'22.29" N,  
80°22'42.87" W 













              
Melochia parvifolia Entrada Empresa Porcina de 
Gavilanes, Cienfuegos 
36 22° 03'17.60" N,  
80°17'39.11" W 













              
Melochia parvifolia Cumanayagua, Cienfuegos 37 22° 07'11.87" N,  
80°12'59.71" W 













              
Melochia parvifolia Instituto Pedagógico “José 
Martí”, Camagüey 
38 21°23'38.48" N,  
77°53'04.62" W 













              
Melochia parvifolia Guáimaro, Camagüey 39 21° 03'23.90" N,  
77°16'37.42" W 













              
Melochia parvifolia Bayamo, Granma 40 20°20'51.26" N, 
76°35'01.21" W 













              
Melochia parvifolia Contramaestre, Santiago de 
Cuba 
41 20°17'32.39" N,  
76°12'37.21" W 













              
Melochia parvifolia El Cobre, Santiago de Cuba 42 20°03´04.98'' N, 
75°56´56.54'' W 
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Melochia parvifolia El Caney, Santiago de Cuba 43 20° 03'07.38" N, 
75°46'25.50" W 













              
Melochia parvifolia El Salao, Santiago de Cuba 44 20° 00'38.82" N,  
75°45'53.66" W 













              
Melochia parvifolia Playa Verraco, Santiago de 
Cuba 
45 19°53´35.83'' N, 
75°34´07.97'' W 













              
Melochia parvifolia Baracoa, Guantánamo 46 20°19'42.33" N,  
74°29'28.79" W 
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Appendix 2. Arithmetic mean and coefficient of variation (CV) of pollen production estimations, and pollen diameter (µm) of six Melochia species from Cuba. Ratio L/S of 








mean (CV) t/P 
PPR 
[L/S] 
Pollen diameter (µm) 




(monomorphic) Jobabito, Las Tunas 
2803 (0.15) 
N = 7 
   
35,71 (0.07)  
N = 7 
   
  S L   S L   
M. parvifolia Guáimaro, Camagüey 
7524 (0.12)  
N = 7 
 
8676 (0.13)  




46.23 (0.04)  
N = 7 
 
40.71 (0.06)  
N = 7 
 
-4.5/ 0.0007 1.14 
 
M. pyramidata Contramaestre, Santiago de Cuba 
3676 (0.13)  
N = 7 
 
3536 (0.11)  




39.94 (0.02)  
N = 7 
 
35.13 (0.06)  
N = 8 
 
-2.7/ 0.0198 1.14 
 
M. savannarum Siguanea and Colony Hotel, Isla 
de la Juventud 
4975 (0.24)  
N = 10 
 
5414 (0.20)  
N = 10 
 
-0.8/0.4111 1.08 
46.79 (0.05)  
N = 7 
 
41.36 (0.07)  
N = 7 
 
-3.8/ 0.0026 1.13 
M. tomentosa Playa Caletones, Gibara, Holguin 
5956 (0.14)  





-7.8/< 0.0001 1.65 
 
43.66 (0.11)  
N = 7 
 
35.88 (0.03)  
N = 8 
 




Aguada de Pasajeros, Cienfuegos 
 
6225 (0.15)  
N = 10 
 
8272 (0.12)  
N = 10 
 
4.6/ 0.0002 1.33 
 
48.36 (0.04)  
N = 7 
 
41.32 (0.05)  
N = 7 
 
- 6.2/< 0.0001 1.17 
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Appendix 3. Mean ± standard deviation of seed-ovule ratios obtained from each pollination treatments in six Melochia species. For the monomorphic M. nodiflora, the first 
two treatments are replaced by Xenogamy and Geitonogamy, respectively. 
Treatment Morph M. nodiflora M. pyramidata M. savannarum M. tomentosa M. villosa M. parvifolia 
Inter-morph  pollination  L 0.350 ± 0.215 0.383 ± 0.341 0.200 ± 0.165 0.286 ± 0.359 0.160 ± 0.210 0.442 ± 0.318 
S 
 
0.650 ± 0.271 0.247 ± 0.164 0.379 ± 0.302 0.400 ± 0.193 0.400 ± 0.320 
Intra-morph 
pollinations   
L 0.283 ± 0.229 0.433 ± 0.345 0.033 ± 0.090 0 0.007 ± 0.026 0 
S 
 
0.350 ± 0.376 0.033 ± 0.090 0.014 ± 0.036 0 0.080 ± 0.103 
Hand self-pollination  L 0.367 ± 0.231 0.300 ± 0.336 0.0267 ± 0.059 0 0 0 
S 
 
0.608 ± 0.326 0.020 ± 0.056 0.007 ± 0.027 0.007 ± 0.026 0.030 ± 0.048 
Spontaneous self-  
pollination 
L 0.242 ± 0.202 0.117 ± 0.212 0.013 ± 0.052 0 0 0 
S 
 
0.392 ± 0.387 0 0 0 0 
Supplementation  L 0.314 ± 0.218 0.300 ± 0.305 0.233 ± 0.180 0.457 ± 0.365 0.113 ± 0.200 0.400 ± 0.293 
S 
 
0.425 ± 0.367 0.167 ± 0.180 0.300 ± 0.346 0.233 ± 0.232 0.489 ± 0.333 
Control L 0.407 ± 0.194 0.400 ± 0.391 0.153 ± 0.155 0.107 ± 0.182 0.067 ± 0.123 0.375 ± 0.306 
S 
 
0.308 ± 0.348 0.067 ± 0.145 0.243 ± 0.277 0.160 ± 0.226 0.389 ± 0.314 
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Appendix 4. Composition and percentage of visits of floral visitors for 19 Cuban populations of six Melochia species. Populations are coded as M. nodiflora: A) Santa Clara, 
Villa Clara, B) Camagüey city, Camagüey, C) Viñales, Pinar del Río; M. pyramidata: A) Santa Clara, Villa Clara, B) Camagüey city, Camagüey, C) Baracoa, Guantánamo; M. 
savannarum: A) San Ubaldo, Pinar del Río; B) Siguanea, Isla de la Juventud. 
Floral visitors 
M. nodiflora M. pyramidata M. savannarum 
A B C A B C A B 
LEPIDOPTERA 
        Lepidoptera sp. 1 
  
0.0072 
     Hesperiidae 
        Choranthus radians 
    
0.0087 





Hylephila p. phylaeus 
   
0.0142 
    Oarisma nanus 
      
0.0225 0.0175 
Pyrgus oileus 
   
0.0329 0.0079 
   Synapte m. malitiosa 
      
0.1461 0.0245 
Urbanus dorantes santiago 
   
0.0071 
    Pieridae 
        Ascia monuste 
   
0.0027 0.0288 0.0658 
  Pyrisitia daira 




Pyrisitia d. dina 
   
0.0080 
    Pyrisitia sp. 
       
0.0804 
Lycaenidae 











        Agraulis vanillae insularis 
   
0.0080 0.0017 0.0263 
  Anartia jatrophae guantanamo 0.0621 0.0105 
 
0.0134 0.0100 





Heliconius charithonia ramsdeni 0.0349 
       Junonia c. coenia 
       
0.0175 
HYMENOPTERA 
        Scolidae 
        Capsomeris atrata 
 
0.0012 
      Capsomeris trifasciata 
      
0.0337 0.0664 
Formicidae 
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Formidae sp. 
   
0.0009 
    Vespidae 
        Pachodynerus cubensis 
  
0.0120 
     Pachodynerus nasidens 0.0160 0.0397 
      Apidae 
        Apidae sp. 1 
 
0.0012 
      Apidae sp. 2 
   
0.0018 
    Apis mellifera 
  
0.0885 0.0837 0.0890 0.0132 
 
0.0175 
Exomalopsis pulchella 0.5975 0.6639 0.6974 0.1772 0.7625 
   Mesoplia azurea 
       
0.0455 
Nomada cubensis 0.0307 0.0665 0.1256 
 
0.0100 
   Halictidae 
        Augochlora (Augochlora) elegans 
   
0.0009 
    Lassioglosum parvum 0.0089 0.1610 0.0251 0.5049 0.0406 0.5132 0.3146 0.4895 
Nomia (Acunomia) robinsoni 
   
0.0036 
    Megachilidae 
        Megachile poeyi 
  
0.0036 0.0071 
   
0.0105 
Crabronidae 
        Oxybelus analis  
       
0.0070 
Sphecidae 
        Sphex cubensis 
  
0.0024 
     DIPTERA 
        Diptera sp. 1 
       
0.0070 
Diptera sp. 2  0.0030 
 
0.0287 
     Diptera sp. 3 
     
0.0921 
  Diptera sp. 4 
     
0.0658 
  Tachinidae 










  Syrphidae 
        Toxomerus floralis 0.0130 
  
0.0160 
    Bombylidae 
        Geron sp. 
      
0.0787 
 Poecilanthrax lucifer 
   
0.0089 
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Appendix 4. (Continuation). Composition and percentage of visits of floral visitors for 19 Cuban populations of six Melochia species. Populations are coded as M. 
tomentosa: A) Playa Verraco, Santiago de Cuba, B) Playa Santa Lucía, Camagüey; C) Cayo Coco, Ciego de Ávila, D) Playa Caletones, Holguín, E) Cayo Santa María, Villa 
Clara; M. villosa: A) Florida, Camagüey, B) Aguada de Pasajeros, Cienfuegos, C) Viñales, Pinar del Río; M. parvifolia: A) Camagüey city, Camagüey, B) Cumanayagua, 
Cienfuegos, C) El Salao, Santiago de Cuba. 
Floral visitors 
M. tomentosa M. villosa M. parvifolia 
A B C D E A B C A B C 
LEPIDOPTERA 
           Lepidoptera sp. 1 
  
0.0010 
        Papilionidae 
           Heraclides a. andraemon 0.0127 
 
0.0587 0.0091 0.0069 
    
0.0009 0.0007 
Parides g. gundlachianus 
   
0.0137 
       Hesperiidae 
           Choranthus radians 0.0127 0.0008 














         
0.0003 
 Urbanus dorantes santiago 
   
0.0017 
   
0.0006 0.0007 0.0166 0.0009
Urbanus proteus domingo 
    
0.0371
      Pieridae 
           Anteos maerula 



















         
0.0012 
 Kricogonia lyside  0.0063 
 
0.1750 0.0422 
       Lycaenidae 
           Cyclargus a. ammon 0.0253 












0.0002 0.0003 0.0002 
Nymphalidae 
           Agraulis vanillae insularis 0.2025 0.0022 0.0663 0.0023 0.0344 0.0046 0.0220 
 
0.0013 0.0039 0.0337 
Anartia jatrophae guantanamo 
        
0.0138 0.0021 
 Calisto h. herophile 
     
0.0091 
 
0.0006 0.0011 0.0021 
 Heliconius charithonia ramsdeni 
   
0.0017 
       Junonia evarete zonalis 
 
0.0016 
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Sphingidae sp.1 
   
0.0011 
       HYMENOPTERA 
           Scolidae 
           Capsomeris trifasciata 
     
0.3699 
     Formicidae 
           Camponotus planatus 
    
0.0014 
      Vespidae 
           Polistes incertus 
    
0.0083 
      Apidae 
           Anthophora atrata 
  
0.1587 
        Apidae sp. 1 
  
0.0087 




 Apis mellifera 0.2595 0.3761 0.1163 0.7258 0.2201 
  
0.8243 0.9783 0.8432 0.9094





 Exomalopsis pulchella 




 Nomada cubensis 




   Xylocopa cubaecola 
 
0.4994 0.0538 0.0787 0.0371
   
0.0042 0.0241 
 Halictidae 
           Lassioglosum parvum 
 





   Megachilidae 
           Megachile poeyi 0.3797 
 
0.0385 0.0582 0.1926 





        Crabronidae 
           Stictia signata 
 
0.0056 
       
0.0800 
 DIPTERA 
           Diptera sp. 1 
    
0.0069 
      Diptera sp. 3 
     
0.0091
     Tachinidae 
           Tachinidae sp. 2 
 
0.0016 
   
0.0091 
     Syrphidae 










   
0.0006
       Toxomerus floralis 
 
0.0014 
   
0.0137 0.0989 
    Bombylidae 
           Geron sp. 
  
0.0010 
       
0.0005 
Heterostylum sp. 
          
0.0005 





        Poecilanthrax lucifer 0.0190 
  
0.0006
     
0.0078 
 COLEOPTERA 
           Glyptegeraeus punctatissimus  
         
0.0012 
 Chrysomelidae 
           Cryptocephalus marginicollis 
         
0.0003 
 HEMIPTERA 
           Pentatomidae 
           Pentatomidae 
       
0.0038 
   HUMMINGBIRDS 
           Chlorostilbon ricordii 
   
0.0023 0.0151 
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Appendix 5. Effect of pollinator groups, population and floral morph on proportion of pollen removed (pollen removal) and pollen deposited on stigmas (pollen 
deposition) for six Cuban species of Melochia. Partial regression coefficients and standard errors (β ± SE), values of the statistic (t-value) and their associated P-value are 
showed. NA: not available values for some factors combinations. 
Species Variation source 
Pollen removal 
   
Pollen deposition 
  β ± SE t P 
 
β ± SE t P 
M. nodiflora Population 0.366 ± 0.189 1.933 0.0571 
 
-1.130 ± 0.217 -5.201 < 0.0001 
 
Groups 1.981 ± 0.752 2.635 0.0103 
 
0.472 ± 0.463 1.020 0.3111 
 
Population×Groups NA NA NA 
 
NA NA NA 
         M. pyramidata Morph 2.780 ± 1.590 1.748 0.0850 
 
3.282 ± 2.595 1.265 0.2100 
 
Population 35.361 ± 3856.668 0.009 0.9930 
 
7.513 ± 23.277 0.323 0.7480 
 
Groups 36.746 ± 3856.668 0.010 0.9920 
 
9.675 ± 23.222 0.417 0.6780 
 
Morph×Groups -0.697 ± 0.756 -0.922 0.3600 
 
-1.599 ± 1.272 -1.257 0.2130 
 
Population×Morph -0.691 ± 0.343 -2.015 0.0480 
 
-0.608 ± 0.378 -1.607 0.1130 
 
Population×Groups -17.614 ± 1928.334 -0.009 0.9930 
 
-3.175 ± 11.641 -0.273 0.7860 
 
Population×Morph×Groups NA NA NA 
 
NA NA NA 
         M. savannarum Morph -3.212 ± 3.645 -0.881 0.3300 
 
60.440 ± 8546.140 0.007 0.9940 
 
Population -3.576 ± 3.629 -0.985 0.3830 
 
58.370 ± 8546.140 0.007 0.9950 
 
Groups -4.174 ± 3.579 -1.166 0.2500 
 
60.830 ± 8546.140 0.007 0.9940 
 
Morph×Groups -2.806 ± 2.059 1.363 0.1800 
 
-29.180 ± 4273.070 -0.007 0.9950 
 
Population×Morph -1.684 ± 2.101 0.802 0.4270 
 
-28.690 ± 4273.070 -0.007 0.9950 
 
Population×Groups -2.508 ± 2.062 1.216 0.2310 
 
-25.940 ± 4273.070 -0.006 0.9950 
 
Population×Morph×Groups -1.605 ± 1.212 -1.325 0.1920 
 
12.260 ± 2136.540 0.006 0.9950 
         M. tomentosa Morph -12.071 ± 4.907 2.460 0.0154 
 
8.275 ± 39.108 0.212 0.8330 
 
Population -3.890 ± 1.445 2.692 0.0082 
 
2.252 ± 9.898 0.227 0.8200 
 
Groups -11.876 ± 5.141 2.310 0.0227 
 
10.724 ± 39.132 0.274 0.7850 
 
Morph×Groups -9.820 ± 4.843 -2.028 0.0449 
 
-10.064 ± 39.086 -0.257 0.7970 
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Population×Morph -3.230 ± 1.318 -2.451 0.0158 
 
-2.245 ± 9.874 -0.227 0.8210 
 
Population×Groups -3.180 ± 1.396 -2.278 0.0246 
 
-2.429 ± 9.883 -0.246 0.8060 
 
Population×Morph×Groups -2.695 ± 1.296 2.079 0.0399 
 
2.293 ± 9.865 0.232 0.8170 
         M. villosa Morph -2.679 ± 2.664 -1.006 0.318 
 
1.292 ± 5.046 0.256 0.7990 
 
Population -2.600 ± 2.353 -1.105 0.273 
 
2.673 ± 3.402 0.786 0.4350 
 
Groups -2.466 ± 3.030 -0.814 0.419 
 
6.302 ± 4.193 1.503 0.1380 
 
Morph×Groups -1.919 ± 1.844 1.041 0.302 
 
-2.658 ± 3.565 -0.745 0.4590 
 
Population×Morph -2.077 ± 1.407 1.476 0.145 
 
-0.884 ± 2.902 -0.305 0.7620 
 
Population×Groups -2.420 ± 2.043 1.184 0.241 
 
-2.124 ± 2.922 -0.727 0.4700 
 
Population×Morph×Groups -1.586 ± 1.179 -1.346 0.183 
 
0.540 ± 2.503 0.216 0.8300 
         M. parvifolia Morph -4.553 ± 1.140 3.995 0.0002 
 
-2.241 ± 1.848 -1.212 0.2300 
 
Population -1.363 ± 0.476 2.863 0.0055 
 
-0.246 ± 0.664 -0.370 0.7130 
 
Groups -2.065 ± 1.310 1.576 0.1195 
 
0.600 ± 1.672 0.359 0.7210 
 
Morph×Groups -1.464 ± 0.829 -1.766 0.0818 
 
-0.051 ± 1.361 -0.038 0.9700 
 
Population×Morph -0.901 ± 0.295 -3.058 0.0032 
 
0.070 ± 0.554 0.126 0.9000 
 
Population×Groups NA NA NA 
 
NA NA NA 
 
Population×Morph×Groups NA NA NA 
 
NA NA NA 
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Appendix 6. Proportion of pollen grains removed from anthers (dotted lines) and pollen grain 
deposited on stigmas (solid lines), in population of Melochia species. Differentiation by floral morph is 
also displayed (L-morph, represented with circles, and S-morph with squares). Means and standard error 
of the mean values are also shown. For more information about surveyed populations, see Table 4.1. 
 
	  
